Molecular detection and gene expression of campylobacter during stress conditions. by Docherty, Lorraine.
1124044
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: 10130580
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uesL
ProQuest 10130580
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
Molecular Genetics Group, School of Biological Sciences,
University of Surrey, UK.
Molecular detection and gene expression of 
Campylobacter during stress conditions
Lorraine Docherty, B.Sc. (Hons)
September 1997
A thesis submitted to the University o f  Surrey in part-fufiiment o f  the 
requirements fo r  the degree o f  Doctor o f  Philosophy
SUMMARY
The magnetic immuno-polymerase chain reaction assay (MIPA), was developed for the 
detection of Campylobacter jejum  and Campylobacter coli initially in milk and chicken 
products. After 18 hours pre-enrichment the MIPA could detect 420 cfu g'^  of chicken 
and 63 cfu ml‘^  of artificially contaminated milk. MIPA was then applied for the 
detection of C. jejuni ! C. coli in cloacal swabs and in retail poultiy, where the 
sensitivity was found to be comparable to cultural methods. However, results were 
available significantly faster, witliin 24 hours compared to the 4-5 days of cultural 
methods.
MIPA was also evaluated as a technique for the detection of "viable but non- 
culturable" (VBNC) forms in the environment. It was found that there was a reduction 
in sensitivity for the detection of these non-culturable forms (NCFs) and it was 
concluded that the MIPA had limited use in their detection.
The lack of sensitivity of MIPA for detecting VBNC Campylobacters in the 
environment may indicate that they are either antigenically or genetically distinct from 
the culturable fonns. This result higlilights the question of whether these VBNC forms 
actually represent a viable potentially infectious form of Campylobacter. This question 
can be answered at a molecular level; promoter activity can be monitored as a 
representation of viability of the bacterial cell during stress conditions. The promoter 
activity could be measured using a promoter probe vector.
Initially we decided to construct a promoter probe vector which based on the 
recombinase system of the PI bacteriophage. However, the final construct was 
unstable and due to the constraints of time we decided to use a pre-existing promoter 
probe vector pSP73 constructed by Purdy and Park, (1993). This promoter probe
vector contains promoteriess luxAB genes which induce light emission as a reporter of 
gene expression. In order to investigate the genetic regulation during the conversion of 
C  jejimi to non-culturable forms (NCFs), we monitored gene expression during the 
transformation of C. jejuni into the non-culturable state. The promoteriess copy of the 
/î/xAB genes was placed under the control of promoter regions of the C  jejuni flaA 
gene. Transformed C  jejuni was incubated under stress conditions that induce 
transition to NCFs (Non-culturable forms). Promoter activity, plate counts and direct 
microscope counts were simultaneously monitored. It was found that during the initial 
conversion of C. jejimi to NCFs there is an up-regulation of the floA promoter. This 
regulation occurs in response to agitation and did not occur in NCFs and indicates that 
they are functionally non-viable.
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Chapter 1 Introduction
Chapter 1.0 Introduction
1.1 The genus Campylobacter
The Campylobacter genus comprises of 15 species (Vandamme and De Ley, 1991) 
of which seven are of clinical importance to humans (Goosens et al, 1990; Goosens, 
1990).
The thermopliilic members such as, Campylobacter j e j u n i ^  Campylobacter coli 
Campylobacter lari and Campylobacter upsaliensis grow well at 42°C and 37°C but 
not at 25°C. The two thermopliilic species C jejuni and C coli and are the most 
relevant in the food industry and therefore will be the predominant species discussed 
in the scope of this work. Campylobacter spp. are higlily motile, slender, spirally 
curved gram negative rods that range in size and shape between 0.2 and 0.5 pm wide 
and 1.5 and 5 pm long. Campylobacter spp. cany a single polar unsheathed flagellum 
at one or both ends of the cell. Their spiral morphology and flagellum make them well 
suited to viscous environments and contribute to their ability to penetrate the mucus 
layer covering epithelial cells in the gastrointestinal tract (Ferrero and Lee, 1988). C 
jejuni can exhibit several morphological shapes depending on the growth phase of the 
cells. Actively growing cells are short (1.5 pm) and a have characteristic curved or 
spiral morphology but in contrast, late-log phase cells are longer, up to 5 pm or more 
in length. Campylobacters alter their shape to a coccoid morphology in older cultures 
or during unfavourable conditions such as in the presence of atmospheric oxygen or 
when exposed to superoxide anions produced in culture media exposed to light 
(Moran and Upton, 1987a; Moran and Upton, 1986a). Campylobacters are 
microaerophilic, the optimum atmospheric composition for growth is 5% oxygen, 
10% carbon dioxide and 85% nitrogen. They are sensitive to atmospheric oxygen but 
adaptation to an aerobic environment has been described (Jones et al, 1993).
Chapter 1 Introduction
Campylobacters have a respiratory type metabolism but cannot ferment or oxidise 
sugars. They obtain their energy from amino acids or intermediates via the 
tricarboxylic acid cycle. There is no protease or lipase activity. All the members of the 
genus are oxidase positive, reduce nitrate, but cannot hydrolyse gelatin or urea and 
are Voges-Proskauer and methyl red negative.
1.2 The Ca/npy/obacfer genome
Campylobacter have a small AT rich genome (30% GC ratio), about one-third of the 
size of the E. coli chromosome. Pulsed-field gel electrophoresis (Chang and Taylor, 
1990) has estimated the size of the genome to be 1,700 Kbp and has facilitated the 
construction of physical maps of the Campylobacter cliromosome (Nuijten et al, 
1990; Taylor et al, 1992).
This small genome reflects the Campylobacter’s delicate and fastidious nature and 
hence their requirement for supplemented growth media and their biochemical 
inertness such as their failure to utilise carbohydrates or complex nutrients (Ketley, 
1995).
1.3 Sources and Transmission
Campylobacteriosis is essentially a foodborne zoonosis with C. jejuni commonly 
found as a commensal in gastrointestinal tracts of poultry, swine, sheep, cattle, dogs, 
cats, and a number of wild birds and rodents (Blaser et al, 1980; Blaser et al, 1983), 
although disease symptoms may arise in young animals. In particular, contact with 
puppies with diairhoea has been shown to cause gastroenteritis in children. (Sldrrow, 
1981; Salfield and Pugh, 1987). Epidemiological investigations have demonstrated a 
significant correlation between the handling and consumption of poultry and the 
occurrence of Campylobacter enteritis. This may occur as a result of consuming 
undercooked chicken or of cross-contamination of other foods in the kitchen. Poultry
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is the most important reservoir for Campylobacter infection with contamination rates 
of between 30 and 100% in retail broiler cliickens (Berndtson et al, 1992; Stern et 
al, 1985; Pearson et al, 1993). Unpasteurised milk (Humphiey and Hart, 1988; 
Robinson, 1981) and untreated water (Pearson et al, 1993; Palmer et al, 1983) have 
also been implicated in disease transmission.
1.4 Campylobacteriosis
1.4.1 Incidence
In all countries, there is a considerable under-reporting of foodborne illness. Even in 
the UK where we have relatively sophisticated epidemiological surveillance systems, 
the true extent of foodborne illness remains largely unlcnown. This is mainly due to 
patients with symptoms of gastrointestinal illness not consulting their doctor and 
where doctors are consulted, no further action is taken. It has been found that the 
ratio of actual to reported cases is close to 100 to 1 (Baird-Parker, 1994). The 
number of cases of campylobacteriosis has risen dramatically since 1977, this could be 
attributed to a number of factors; such as changes in food marketing or eating habits, 
improved isolation procedures, or improved reporting systems. In the UK the number 
of reported laboratory diagnosed cases of campylobacteriosis increased steadily from 
12,168 in 1981 to 34,552 in 1990 and 38,552 in 1992. In 1994 and 1995 the figures 
were 44,414 and 43,902 respectively. Since 1981, Campylobacter has become more 
prevalent than Salmonella. Cases of Campylobacter infection are sporadic and 
outbreaks are rarely identified. Between 1992 and 1993 there were a total of eight 
outbreaks due to Campylobacter (ACMSF Advisory committee on the 
microbiological safety of food, 1993). The disease shows seasonal variation with a 
marked increase in April-May, a drop in the summer months, followed by another 
peak in October. Estimated costs for diagnosed cases in the UK stand at £273 per 
case. If pain and suffering are included it rises to £587. If you consider the figures for
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the number of reported cases in 1995 this gives a total cost of £26 million bearing in 
mind this figure is a gross underestimate (Skirrow, 1990).
1.5 Clinical symptoms
The enteric Campylobacters C. jejimi and C. coli have now become the most 
commonly reported cause of bacterial gastrointestinal infection world-wide (Butzler 
and Oosterom, 1991; Sldrrow, 1990; Penner, 1988). One of the reasons for this high 
incidence is the comparatively low infective dose with as few as 500 organisms 
needed to initiate infection (Robinson, 1981). The incubation period is normally 2-5 
days but it can extend up to 10 days (Butzler and Oosterom, 1991). Initial symptoms 
of disease are fever, malaise and myalgia lasting up to two days, tliis may lead to 
confusion or delirium. Abdominal cramps follow with diarrhoea and nausea but 
vomiting is rare. Fresh blood and inflammatory exudate with leukocytes may be 
present in the faeces and Campylobacters can be observed microscopically. The severe 
abdominal pain is very similar to the symptoms of peritonitis or appendicitis and these 
conditions are often confused. The severity of the disease is variable, lasting between 
two and seven days but most cases are self-limiting with antibiotic treatment not being 
necessaiy but excretion of the organism can continue for 3-4 weeks. Recurrence of 
symptoms can occur in 25% of cases which is probably caused by the ability of C 
jejuni to undergo phase variation (Blaser et al, 1983b).
Clinical symptoms vary in frequency and severity between children and adults and 
symptoms are significantly different in industrialised and developing nations. In 
developing nations, symptoms are mild and severe dehydration is rare. Up to 50% of 
cases have vomiting but abdominal pain is infrequent. Acute inflammatory diarrhoea is 
common in industrialised nations but non-inflammatory watery diarrhoea is 
predominant in developing nations (Butzler and Skirrow, 1979; Walker et al, 1986).
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Complications can arise from infection with Campylobacter such as reactive arthritis 
or Reiter’s syndrome. Both involve inflammation of the joints but the role of 
Campylobacter is unclear at present. Another more serious complication arising from 
Campylobacter infection is Guillain-Barre syndrome (GBS). It is a chronic, 
inflammatory disease resulting in deraelination of nei've cells which gives rise to 
paralysis, pain, and muscular weakness. Again how C jejuni induces GBS remains 
unclear but it is thought to involve molecular mimici-y between bacterial and neural 
antigens (Smith, 1996).
1.6 Pathogenesis of disease
1.6.1 Genetics of Campylobacter motility
Campylobacter produce unsheathed complex flagellar filaments composed of two
species of flagellin encoded by two tandemly orientated genes/7zL4 and/7a5 (Power et
al, 1994). The f l a g e l l i n m dflaB  genes for both C. coli and C  jejimi have been
cloned and characterised, principally by two groups, C. coli VC 167 has been studied
by a group in the United States (Guerry et al, 1990) and C. jejuni by a group in
Utrecht (Nuijten, 1989). Comparison of both flagellin filaments have revealed that
both genes are 1.7 kbp in size, separated by a small spacer region of 173 bp. Each
28flagellin gene is transcribed from an independent promoter, JlaA is controlled by a
which also controls flagellar and chemotaxis genes in E, coli. Salmonella
54typhimurium and Bacillus subtilus. flaB  is controlled by a  which has been found to
have liighly specialised functions such as controlling specific genes that are involved in 
nitrogen fixation, the pilin genes of Pseudomonas aeruginosa. Neisseria gonorrhoea 
and the flagellin genes of Caulobacter crescentus.
The role of both of these genes in motility and filament formation have been studied 
using mutants. These mutants have been created using shuttle mutagenesis (Labigne-
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Roussel et al, 1988) where a kanamycin resistance cassette was inserted into the //a4 
and B genes in the Campylobacter chromosome resulting in non-flinctional genes 
(Guerry et a l, 1991; Wassenaar et al, 1991). Mutations in both the flaA and flaB  
resulted in a non-flagellated, non-motile organism unable to colonise the rabbit 
intestine. Mutations in the flaA gene result in organisms that are only partially motile 
and produce flagella with a severely truncated filament. Adhesion to host cells was 
unaffected (Yao et al, 1994; Grant et al, 1993) but invasion in tissue culture cells 
was reduced significantly (Wassenaar et al, 1991), Mutations in the//aB gene cause 
reduced motility but the flagella were indistinguishable from those of the wild-type 
organism. Adhesion and invasion of host cells were unaffected by this mutation, 
hence XhQflaB gene seems to play a minor role in colonisation. It is clear that both 
flaA and flaB  are essential for maximum motility with /Zt/  ^being expressed at higher 
levels and hence the flaA protein is predominant in the flagellar filament. The flaA 
gene and therefore the flagellum is essential for adhesion and colonisation of the 
gastrointestinal tract in animals (Wassenaar et al, 1994; Nachamldn et al, 1993; 
Newell et al, 1985; Caldwell et al, 1985).
The flagella are the immunodominant antigen recognised during campylobacteriosis 
and are therefore an important virulence detenninant. This is reflected in the immune 
response directed against purified flagella which leads to partial protection against 
further challenge by Campylobacter during infection (Pavlovskis et al, 1991; Newell, 
1986).
Campylobacter flagella undergo both phase and antigenic variation during their life 
cycle. Phase variation refers to the ability of C. coli VC 167 and C. jejimi of switching 
their flagella on and off (Wassenaar et al, 1994; Guerry et a l, 1991). It is the flaA 
gene which is subject to reversible flagellin expression and is regulated at the 
transcriptional level. (Wassenaar et al, 1994) This phase variation may allow the
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organism to respond to specific parameters in a range of environments as a survival 
mechanism or as a strategy to escape detection by the hosts immune system.
During antigenic variation Campylobacter, as well as retaining the ability to switch 
the flagella on and off, can also reversibly express different epitopes on the surface of 
their flagella. It has been shown that C  coli in vivo has a preference for a specific 
flagellar phase during colonisation of the animal gut which has antigenically distinct 
flagellin monomers of a specific molecular weight (Gueny et al, 1990). Variation in 
the antigenic properties of the flagella may be an important sui-vival strategy against 
the host’s immune response.
This variation in the antigenic properties and hence heterogeneity occurs within the 
internal regions of the flagellin gene, the amino and carboxy termini remain highly 
conserved. The heterogeneity of the surface exposed regions of the flagella is not the 
result of alternate expression of the flaA and flaB  genes but could possibly be 
attributed to a number of factors:-
1. Genetic rearrangements within Xh^floA (Wassenaar et al, 1995; Gueny et al, 
1990).
2. Homologous recombination between the flaA and flaB  (Wassenaar et al, 
1995).
3. Homologous recombination after natural transformation of extraneous DNA 
from the environment (Wassenaar et al, 1995).
4. Logan et al (1989) has shown that Campylobacter flagellin genes are post- 
translationally modified by phosphorylation of serine residues.
This could account for the huge diversity of flagellin genes exhibited by members of 
the same species (Khwaja et al, 1992).
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1.6.2 Putative virulence factors
To initiate disease, Campylobacter cells must firstly enter their host via the stomach 
barrier and proceed to the distal ileum and colon where they can colonise the mucus 
layer. Campylobacter cells adhere to the intestinal surface where damage may occur 
to epithelial cells either by cell invasion or toxin production.
Although we know this sequence of events, few virulence determinants have been 
identified and their role in the pathogenesis of disease has yet to be ascertained. 
Chemotaxis has been shown, by generating non-chemotactic mutants to be important 
for colonisation. It was found by Takata et a l (1992) that these mutants failed to 
colonise the suclding mouse intestine. Flagella and hence motility have also been 
shown to be important in colonisation (Newell et al, 1985; Caldwell et al, 1985) but 
the role of flagella in adhesion is uncertain (Son and Ansaiy, 1996). A number of 
putative adhesins (outer-membrane proteins such as PEB 1-4, and 
Lipopolysaccharide) have been identified but their role in the pathogenesis of 
Campylobacter disease remains uncertain (DeMelo and Pechere, 1990). Recently the 
production of fimbriae by Campylobacter cells has been identified in the presence of 
bile salts. The role of these fimbriae in colonisation remains unclear because a non­
fimbriated mutant can still adhere to and invade intestinal cells (Doig et al, 1996).
The contribution of toxins to the disease process is another area of Campylobacter 
research wliich is unclear with many groups reporting conflicting results. 
Campylobacter cells have been reported to produce a number of different toxins: 
Shiga-like cytotoxin (SLT) and Cytolethal distending toxin (CLDT) which are 
cytotoxins and Campylobacter jejuni toxin (CT) which is a cytotonic toxin. It is 
difficult to determine whether one strain of Campylobacter produces one or all of 
these toxins or whether each toxin is produced in a different environment (Ketley, 
1997).
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1.7 Detection of Campylobacters
1.7.1 Conventional isolation
Before selective procedures had been developed for Campylobacter, they were 
selected by their ability to pass through a 0,45 [im filter where most other 
contaminating organisms could not. Although filtration is still used today it is 
relatively insensitive (Goosens et al., 1986). The turning point came with the work of 
Skirrow in 1977 who developed a selective medium for the detection of 
Campylobacters. Traditional cultural methods for the detection of Campylobacters in 
foods and enviromnental samples involve a pre-enrichment culture step followed by 
plating on to selective media such as Skirrow’s (Skirrow, 1977; Humphrey, 1986) and 
finally identifying the organisms by a range of biochemical and serological tests. This 
can take a minimum of four to five days for final confirmation of the causative 
organism. The disadvantages of these techniques are that they are labour intensive and 
there can be a long delay before the final results are obtained. These results can also 
be ambiguous because Campylobacters are generally difficult to identify at the species 
level because of their inactivity in most biochemical tests. These problems emphasise 
the need for a rapid, reliable and sensitive technique for the detection of 
Campylobacter in foods and environmental samples.
1.7.2 Species differentiation
There are few rapid tests that can distinguish between the thermophilic species of 
Campylobacter. Although latex agglutination tests are available commercially and are 
quick and simple to use, large numbers (10  ^ and 10^  cfu/ml ) are necessaiy for a 
positive result (Hazeleger et al, 1992). Serotyping is the main technique used to 
differentiate within the thermopliilic species. Penner and Hennessy (1980) devised the 
first serotyping scheme for C  jejuni in 1980. This method is refeiTed to as the Penner 
or heat-stable (HS) scheme and can identify 60 serotypes. An alternative method for
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serotyping based on the rapid slide agglutination teclinique using live bacteria for the 
detection of heat-labile antigens, and can identify 108 serotypes (Lior et al, 1982). It 
is not used extensively in the UK but has been in other countries. Bacteriophage 
typing schemes have been developed using lytic patterns produced by bacteriophages 
(Grajewski et al, 1985). Lectins have also been used to differentiate between 
serotypes of Campylobacter but are not routinely used. A number of genotyping 
schemes are also commonly employed, e.g chromosomal DNA fingerprinting or 
restriction fragment length polymorphisms (RFLP) (Owen et a l, 1989); ribotyping; 
which is based on detection of RFLP in rRNA genes (Fay os et a l, 1992); pulsed field 
gel electrophoresis (PFGE), which by using restriction enzymes that cut at few sites, 
can generate and analyse large DNA fragments (Yan et al, 1991); multi-locus enzyme 
electrophoresis (MLEE) in which allelic variation can be determined by assessing 
variations in the net electrostatic charge of the polypeptide of a stmctural gene 
(Aeschbacher and Piffaretti, 1989). The polymerase chain reaction assay is also 
employed where amplified DNA can be analysed for RFLPs.
1.7.3 DNA probes
DNA probes can be used to detect Campylobacters in foods and environmental 
samples, further information can then be obtained by using species-specific probes 
which allow differentiation between individual species of Campylobacter.
The first gene probe detection system for C. jejuni was developed by Tompldns et a l 
(1983). The probe was based on total genomic DNA and could detect <2 x 10^  
organisms / ml in stool samples. Rashtcliian et a l (1987) was the first to use synthetic 
oligonucleotide probes based on the 16S rRNA from C jejuni. Romaniuk and Trust. 
(1987) also identified an oligonucleotide from the 16S rRNA sequence that was 
specific for Campylobacter based on different banding patterns after digesting 
genomic DNA with specific restriction enzymes. Three other 16S rRNA DNA probes
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were later reported that had different specificities, two reacting with C coli ,C jejuni 
and C. lari and one probe only with C. jejuni and C. lari (Romaniuk and Trust, 
1989). Wang et a l (1992) developed DNA probes for C  jejuni fiom a genomic 
libraty. There are also commercially available probes for the detection of 
Campylobacter. In 1986 Jablonski et a l (1986) developed a 26-mer synthetic 
oligonucleotide which was coupled to alkaline phosphatase which is available from 
Molecular Biosystems Inc., USA, as ‘SNAP Culture Identification test kit’. A number 
of workers have used tins system (Olive et al, 1990; Thorne et al, 1990; Harasawa 
et al, 1988). There were no false positives but there were some contradictoi*y results 
in the identification of C. hyointestinalis and C  lari. A rapid detection system from 
GEN-PROBE® Inc., (San Diego, CA) directed against the 16S rRNA is also 
available. It is a single phase hybridisation assay with chemiluminecence to detect 
positives. The results correlated 100% with culture confirmation but it could not 
distinguish between C. jejuni , C. coli and C. lari. Recently a novel hybridisation 
sytem was developed by Lamoureux et al. (1996; 1997) based on the amplification of 
the Campylobacter 23 S rRNA gene. RNA was extracted from cell lysates and 
immobilised on to a microtitre plate. DNA complementary to 23 S rRNA was 
amplified using PCR which binds to the RNA and the RNA-DNA hybrid was detected 
by a monoclonal anti-RNA-DNA antibody. Most of the attention now is focused on 
the development of PCR for the detection of C. jejuni in foods and environmental 
samples because it is quicker and much more sensitive than using DNA probes alone.
1.7.4 The Polymerase chain reaction (PCR)
Extensive research has been done for the development of rapid and reliable methods 
for the detection of micro-organisms in foods. But these techniques have concentrated 
on the detection of other foodbome organisms, rarely Campylobacter. The main 
technique being applied for the rapid detection of Campylobacters in foods is the
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polymerase chain reaction (PCR). PCR was first applied to the diagnosis of sickle cell 
anaemia by Saiki et al. (1987) and has had a huge impact on molecular biology and 
diagnostic microbiology. PCR is simple and quick to perform and can detect 
extremely low numbers of micro-organisms. PCR is a cyclic temperature-dependent 
process in which a few copies of target DNA can be amplified to levels detectable by 
gel electrophoresis or DNA hybridisation. In the first cycle, primers, which are short 
nucleotides, hybridize with the target DNA which has been denatured to form 
separate strands. The primers are then extended by Taq polymerase to form a precise 
copy of the target region. Each strand can then sei*ve as template for the synthesis of 
new strands (Figure 1.1). Repeated cycles of this dénaturation, primer annealing and 
extension gives a rapid accumulation of specific target DNA which can increase 1 Ou­
tbid. PCR offers specificity, sensitivity, and rapid results but one of its main 
disadvantages is that the sample volume is generally between 1 |.il to 20 j.il. Such small 
sample volumes restrict the sensitivity of the PCR to a theoretical minimum of 5, 000- 
100, 000 organisms per ml (Hill and Olsvik, 1995). Another disadvantage which has 
restricted its use in the food industry is the sensitivity of Taq polymerase to inhibition 
by components of food or enrichment media (Rossen et al, 1992).
Immunomagnetic separation (IMS) as a pre-PCR step can help solve some of these 
problems (See Chapter 2 for details on IMS). The bacteria from the sample can be 
concentrated from a volume of 1 -10 ml to 10-100 |.il and the specific inhibitors of the 
Taq polymerase are removed. Other material in the sample that could affect the 
efficiency of bacterial lysing and DNA extraction are also simultaneously removed 
(Hill and Olsvik, 1995).
PCR was first used to identify pure cultures of Campylobacter. Wang et al. (1992) 
were the first to apply PCR to detect C  jejuni. Birkenliead et a l (1993) also used 
PCR to detect C. jejimi but the amplified products were then used for restriction 
fragment length polymorphism (RFLP) studies which clearly distinguished between
12
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Figure 1.1 The polymerase chain reaction
the different Penner serotypes. Van Camp et a l (1993) detected the three 
thermophilic species C. jejuni , C. coli and C. lari using 16S rRNA as a target for 
amplification. Eyers et a l (1993) could differentiate between the thermopliilic species 
using primers based on the 23 S rRNA genes. The primers were designed so that all 
four species could be detected together or individually. Although to detect C  jejuni 
specifically, three primers were needed. There have been few reports describing the 
use of PCR for the detection of Campylobacter in foods and environmental samples. 
Giesendorf et a l (1992) analysed naturally infected chicken products for the 
detection of C. je jun i, C  coli and C. lari. After 18 hours enrichment, positive results 
were determined using hybridisation. The results showed that of 45 samples, 80%
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were positive and the PCR and the culture method were in complete accordance, 
Wegmuller et al. (1993) used nested PCR to detect C. jejuni and C. coli in raw milk 
and dairy products with no enrichment. Six out of 89 culture negative samples were 
positive by PCR, possibly due to the presence of “viable but non-culturable” (VBNC) 
forms.
Table 1.1 Examples of PCR used to detect the thermophilic Campylobacters in foods 
and environmental samples
Target gene 8ample References
16 SrRNA Cliicken (Giesendorf £?/«/., 1992)
flaA and flaB milk and daiiy products (Wegmuller et al, 1993)
Chicken (Hazeleger et al, 1994)
168 rRNA Chicken (Giesendorf and Quint, 1995)
Chicken litter (Itohe/a/., 1995)
168 rRNA Poultry meat (Manzano a/., 1995)
Chicken washes (Winters and 81avik, 1995)
Cloacal swabs {KyXm% et al, 1996)
two component Water and milk (Jackson a/., 1996)
regulatory gene
Faecal samples (Waegel and Nachamkin, 1996)
23rRNA Chicken (Chumae/a/., 1997)
flciA Chicken (Mahendru e/a/., 1997)
Generally the PCRs that have been developed for the detection of C  jejuni in foods 
and environmental samples have primers that are based on regions of the 16S rRNA 
genes, 238 rRNA or predominantly the JlaA gene. This is mainly because there are 
very few Campylobacter genes with detailed sequence data information. Table 1.1 
illustrates the different types of samples to which the PCR has been applied for the 
detection of Campylobacters. When PCR has detected the presence of Campylobacter
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in the sample, restriction fragment length polymorphisms (RFLPs) can be used to 
differentiate between strains of C. jejuni.
1.8 ‘Viable but non-culturable’ bacteria
‘Viable but non-culturable’ (VBNC) bacteria were first proposed by Colwell during 
her work on the survival of Salmonella in aquatic systems (Roszak et al, 1984). 
Colwell’s definition of VBNC is an organism that remains infectious but no longer can 
be cultured by conventional means. The transformation to a VBNC state has been 
identified in a number of bacterial species; Legionella pneumophila (Hussong et al, 
1987), Vibrio cholerae (Hussong et al, 1987), Vibrio vtdnificus (Oliver and 
Wanucha, 1989), enterotoxigenic E. coli (Flint, 1987; Xu et al, 1982), S. enteritidis 
(Roszak et al, 1984), and Shigella sonnei and Sh. flexneri (Colwell et al, 1985). 
Conversion to the VBNC state has been shown to be reversible in some organisms 
when their enviromnental conditions improve (McKay, 1992). There has been 
continuous debate over whether these VBNC forms actually exist in Campylobacter 
and if they do exist, are they significant in the epidemiology of disease. Research to 
determine whether these VBNC forms of Campylobacter are viable has been 
inconclusive (Rollins and Colwell, 1986). Reversion of these putative VBNCs to 
culturable organisms capable of colonising a relevant animal model would be the most 
conclusive way of determining their role in the epidemiology of enteric disease.
A number of groups have looked at the colonisation ability of these VBNCs in various 
animal models with conflicting results. Rollins and Colwell (1986) reported reversion 
of coccoid forms of Campylobacter to spirals and concluded that this morphological 
change is a survival mechanism in aquatic environments. Recovery of VBNC forms 
was reported by Jones et a l (1991), Saha et a l (1991) and Stern et a l (1985) in 
different animal models; mice, rats and chickens respectively. Pearson’s results 
provide the most convincing evidence for the VBNCs potential role in the
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epidemiology of Campylobacter disease. His group identified VBNC Campylobacters 
by immunofiuorecence microscopy in an untreated water supply in a broiler farm. 
Campylobacter-frQQ chickens were given the contaminated water and they were then 
positive for the same serotype identified in the farm water supply (Pearson et a l, 
1993). In contrast, Beumer et al. (1992) found no reversion of coccoid forms to 
spirals in simulated gastrointestinal environments and no colonisation of animals and 
human volunteers with VBNC forms. Medema et al. (1992) introduced 1.8 x 10^  
VBNC C. jejuni into one day old chicks with no colonisation after five days. A 
number of workers have shown that the coccoid form of Campylobacter is 
degenerative resulting in a lack of cell integrity and decreased levels of peptides and 
nucleic acids (Ng et al., 1985; Moran and Upton, 1986). Boucher et al. (1994) 
demonstrated cellular respiration in coccoid cells, but this declined in unfavourable 
conditions, and concluded that they were degenerative rather than dormant forms. 
Feamley et al. (1996) found that the inoculation of one day old chicks with non- 
culturable cells, ten times the number of culturable C j e j u n i  cells usually required for 
100% colonisation, resulted in no colonisation of the digestive tract. Hazeleger et al. 
(1994) concluded that the definition that all coccoid forms are degenerative is too 
simplistic and that coccoid forms formed at different temperatures vary in the amount 
of degeneration and leakage of cell contents. Cocci formed at high temperatures such 
as 25 and 37°C show significant degeneration but cocci formed at 4°C are comparable 
to spirals. Reversion has also been shown recently by Bovill and Mackey (1997) who 
have demonstrated reversion of coccoid to spiral morphology in aged cultures 
regassed with a microaerophilic gas mixture.
1.8.1 Measurement of Campylobacter viability
Entry of C. jejuni into the VBNC state can be monitored by comparing the number of 
colony forming units determined by plate counts to those deteraiined by direct
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microscopic counts. Plate counts decrease steadily but the counts of bacteria 
visualised by fluorescent microscopy remain constant. A number of techniques have 
been used to assess the viability of bacterial cells but the results have been 
inconclusive.
The direct viable count (DVC) was the first technique used to observe metabolically 
active bacterial cells under the microscope (Kogure et al, 1979). The DVC technique 
involved adding nalidixic acid to a bacterial broth culture. Nalidixic acid specifically 
inhibits DNA synthesis thus preventing the replication of active cells which therefore 
elongate in the presence of nutrients. Counting these elongated cells compared to 
plate counts indicated that more of the bacterial population were metabolically active 
than were detected by plate counts, this was the VBNC population. This techique has 
been used successfully in a range of Gram negative bacteria but with limited success 
in C. jejuni. Medema et a l (1992) used it to monitor viability in C. jejuni but found 
that the DVC counts declined as rapidly as plate counts in five out of six strains. 
Tétrazolium salts have been used for some time as a method for observing bacterial 
viability either microscopically or spectrophotometrically. Tétrazolium salts are 
colourless electron acceptors which are water-soluble in the oxidised state and can be 
reduced by metabolically active cells to form coloured water-insoluble formazans 
(Seidler, 1991; Thom et al, 1993; Zimmerman et al, 1978). Boucher et a l (1994) 
used two such tétrazolium salts to determine if the coccoid forms of C. jejuni were 
viable: the chromogenic redox indicator INT (2-(p-iodphenyl)-3-(p-nitrophenyl)-5- 
phenyl tétrazolium chloride) and the fluorogenic indicator CTC (5-cyano-2,3-ditolyl 
tétrazolium chloride). Coccoid forms were found to reduce these formazans which is 
indicative of cellular respiration but this declined when the organisms were stressed 
over long periods of time. Microscopically assessing microbial viability can be 
problematic in Campylobacter because under prolonged stressful conditions C  jejuni 
produce coccoid forms which are extremely small, around 0.2-0.5 |xm in length. Also
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if there are no observable formazan deposits this may not be indicative of loss of 
viability but may that the cells are respiring at such a low rate that it cannot be 
detected visually.
Molecular techniques can be used to assess bacterial viability. It can be assumed that 
viable organisms which are in a dormant state retain the ability to respond to specific 
environmental parameters. This response may involve the expression of a cascade of 
different genes. Our understanding at the genetical level of how Campylobacter 
respond to changes in their external environment is still very poor. Reporter gene 
fusions have been used to measure gene expression and regulation of gene expression 
in response to specific environmental parameters. There are a number of reporter 
systems currently available to measure gene expression and these are usually plasmid 
based, although integration into the chromosome can be achieved by homologous 
recombination. Promoter probe plasmids contain a promoterless reporter gene e.g. 
LacZ, PhoA, xylE, CAT, GFP and LuxAB (see below for details), an origin of 
replication so that the plasmid can replicate within the organism of interest, antibiotic 
resistance markers which allow selection of the plasmid inside the host and a multiple 
cloning site which allows the insertion of a promoter to drive the expression of the 
promoterless reporter gene. The reporter gene allows quantification of gene 
expression depending on the structural gene used.
1.9 Reporter gene technology
Examples of reporter systems used to monitor gene expression are:
LacX, the lacZ gene encodes for p-galactosidase which can be measured 
colorimetrically by addition of X-Gal which is an analogue of lactose and produces a 
blue colour when hydrolysed.
phoA, this gene encodes for an alkaline phosphatase and is employed for the 
identification of genes encoding secreted proteins. PhoA is a periplasmic protein from
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E. coli that can be fused to other proteins and will be activated if it is exported 
through the cytoplasmic membrane. Colonies that have alkaline phosphatase activity 
can be detected using the indicator 5-bromo-4-chloro-3-indolyl phosphate (XP) which 
gives a colour product on hydrolysis. Quantitative colorimetric assays are carried out 
with p-nitrophenyl phosphate.
xy/E gene from PseudomoTias piUida encodes for the enzyme catechol 2,3- 
dioxygenase (Cat02ase). This gene is expressed in E. coli and can be monitored for 
CatOzase activity by simply spraying with catechol, since the action of CatOzase 
converts catechol to 2-hydroxy semialdehyde producing a yellow colour. For more 
quantitative results CatOzase activity can be measured spectrophotometrically. 
Chloranipheiiicol transacetylase encoded by the cat gene has been used successfully 
in transcriptional fusions by employing plasmids that carry the cat gene and translation 
initiation signals but lack the cat promoter. Bacterial cells that express 
cliloramphenicol transacetylase produced by fusing the cat gene to another promoter 
are chloramphenicol resistant. The enzyme can be assayed with a chromogenic 
compound (Miller, 1993).
Green flporescent protein (GFP) from the bioluminescent jellyfish Aequora victoria 
is a small 27 Kda protein which absorbs light at 395 nm and emits green light at 509 
nm. The fluorescence is veiy stable and not subject to photobleaching. It has been 
cloned recently by Prasher et a l (1992) but it was Chalfie’s expression of the protein 
in heterologous systems which brought it into existence as a novel genetic reporter 
system (Chalfie et al, 1994). Compared to the above methods for the detection of 
gene expression, GFP has many advantages; GFP generates fluorescence without the 
presence of substrates or cofactors. This allows gene expression to be monitored in 
vivo and in real time. The bacterial cells do not have to be lysed and the fluorescence 
can be quantified by a spectrofluorimeter. A drawback of GFP is that it has limited 
use in the measurement of regulation of gene expression because of the time it takes
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the GFP protein to form in response to changes in promoter activity (Cubitt et ai, 
1995).
LuxAB  Bioluminescent bacteria emit light and are generally marine organisms which 
belonging to the one of the following genera; Vibrio, Photobacterium, and 
Xenorhabdus. The light-emitting bacteria that have been studied in greatest detail are 
Vibrio harveyi, V. fischeri, Photobacteriun phosphoreum, P. leiognathi and 
Xenorhabdus luminescens (Meighen, 1991).
In bioluminescent bacteria the light emitting reaction involves the oxidation of 
reduced flavin mononucleotide (FMNHz) and a long-chain aldehyde (RCHO) (Figure 
1.2), catalysed by the enzyme luciferase.
Luclferas©
FMNHg + RCHO + 0 % -------- ►  FMN + RCOOH + H fi  + Light
Figure 1.2 Luciferase catalysed bioluminescence (Stewart and Williams 1992).
Bacterial luciferase is a heterodimeric enzyme of 77 Kda, composed of a  and 3 
subunits with molecular masses of 40 and 37 Kda, respectively. The two polypeptides 
are encoded by the genes luxA and luxB which lie adjacent to one another in the lux 
operon (Stewart and Williams, 1992). They appear to have arisen by gene duplication 
(Foran and Brown, 1988). These genes can be readily expressed in E. coli (Meighen, 
1991). The hixCDE genes code for the polypeptides which catalyse the conversion of 
fatty acids into the long-chain aldehyde which is required for the luminescent reaction 
(Meighen, 1993). These genes can be excluded when constructing a reporter system 
and the aldehyde added externally so reducing the genes necessary for 
bioluminescence to a 2 Kbp fragment of DNA comprising of the InxA and luxB genes. 
The first lux genes to be cloned were those of V. fischeri and V, harveyi (Engebrecht
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et al, 1983; Cohn et al, 1983) with most of the vectors used to date containing lux 
genes from these organisms. Bacterial luciferases vary in their temperature stability, 
so choosing a particular luciferase to be expressed in a specific organism is very 
important. A range of different luciferases have been characterised; the luciferase from 
V. fischeri is stable in E. coli at 30°C but not at 37°C; (Ahmad and Stewart, 1991; 
Sakharov et al, 1988; Friedland and Hastings, 1967) but the luciferase from V. 
harveyi is stable at 37°C and inX. luminescens is stable at 42°C (Szittner, 1990). 
Luciferase-based assay systems allow the rapid detection of gene expression without 
disrupting the bacterial cell. The light output can be measured easily by a scintillation 
counter, a commercial luminometer or x-ray film. Non-luniinescent organisms have no 
endogenous luciferase activity which excludes the problem of high background levels 
of luciferase interfering with the assay. It is also considerably more sensitive than 
other reporter systems (Stewart and Williams, 1992; Meighen, 1988).
1.10. Genetics of Campylobacter
Compared to other enteric pathogens, progress in the genetic analysis of 
Campylobacter species has been rather slow with very few genes having been cloned. 
These genes comprise mainly o f ‘house- keeping’ genes including 16S and 23S rRNA 
genes and those involved in various biosynthetic pathways (Taylor, 1992). This slow 
progress is mainly because Campylobacter DNA sequences cloned into E. coli can be 
unstable. This was considered a major stumbling block because genetic analysis is 
dependent on E. coli being the main vehicle for analysing cloned DNA fragments. The 
instability of Campylobacter genes in E. coli is caused by the high AT content of the 
Campylobacter genome; E. coli interprets these AT regions as strong promoter-like 
sequences which can lead to loss of inserts. The loss of inserts can arise from the loss 
of plasmid control elements resulting from excessive transcription. Complementation 
which is a common molecular technique used to identify and clone bacterial genes can
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be a problem in Campylobacter because of the lack of transcription of Campylobacter 
genes in the E. coli host resulting from major differences between codon usage. 
Unusual promoter sequences may not be recognised or are recognised less efficiently 
in E. coli and differences in DNA méthylation can also cause problems between these 
genetically very different bacteria (Ketley, 1995).
Creating mutants has also been a major difficulty in Campylobacter with all attempts 
to create transposon-mediated mutants using typical Gram negative and Gram 
positive transposable elements being unsuccessful (Taylor, 1992). A major 
breakthrough in creating mutants was achieved by shuttle mutagenesis involving E. 
coli as an intermediate host (Labigne-Roussel et al, 1988).
The absence until recently of genetic exchange systems where genes can be 
transferred between Campylobacter and E. coli was also a contributing factor to the 
slow progress made in the cloning of Campylobacter genes and in the construction of 
mutants. Plasmids could be transferred between two different Campylobacter species 
but not between Campylobacter and E. coli. Genes encoding the antibiotic resistance 
markers, tetracycline, kanamycin and chloramphenicol were isolated and represented a 
turning point in the construction of shuttle vectors which allowed genetic exchange 
bQtwQQn Campylobacter m dE. co/z (Taylor, 1992).
1.10.1 Genetic Exchange mechanisn^s
1.10.1.1 Natural Transformation
Most strains of C. jejuni and C  coli are naturally competent to take up extracellular 
DNA from the external environment without treatment with CaClz or heat shock. The 
process is driven by homologous recombination in which two similar but not identical 
regions of DNA bind together, nicks are created by exonuclease V, the product of the 
recB, recC and recD genes. After nicking, the recBCD enzyme unwinds the helix and 
the nicked strand is then released from the double-stranded DNA. The RecA protein
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then coats the nicked strand which catalyses the initial association of the DNA 
duplexes and this allows the incorporation of DNA into the Campylobacter genome 
(Wang and Taylor, 1990b). Natural transformation may be advantageous to the 
bacterium because it allows the accumulation of beneficial mutations from other 
bacterial species.
The mechanisms of natural transformation appear to be different in Gram positive and 
Gram negative organisms. In Bacillus and Streptococcus species, DNA can be taken 
up regardless of the source. During the uptake, one strand is degraded but the 
complementary strand is transported into the cell. In contrast, DNA uptake in Gram 
negative organisms such as Haemophilus (Danner et al, 1980) and Neisseria 
(Goodman and Scocca, 1988) involves recognition of specific short DNA sequences. 
In both these organisms, only a few molecules of homologous DNA can be taken up 
by the competent cell and heterologous DNA is taken up at a lower frequency. Wang 
and Taylor (1990b) employed in radiolabel experiments to identify DNA uptake 
mechanisms in Campylobacter. They discovered that the DNA uptake mechanism of 
C  jejuni and C  coli was very similar to that of Haemophilus (Danner et al, 1980) 
Neisseria (Goodman and Scocca, 1988). Only very few molecules of homologous 
DNA can be taken within the C  jejuni cell at a time but the proposed specific 
recognition sequence still remains to be identified. DNA uptake is very efficient with 
Campylobacter chromosomal DNA but about 1000 times less efficient with plasmid 
DNA (Ketley, 1997). In genetic studies of Campylobacter the transformation 
efficiencies of plasmid DNA were increased by electroporation with a high voltage 
discharge. This was first achieved by Miller et al, (1988). Electroporation can be a 
highly efficient process with efficiencies of 1.5 x 10^  transformants per pg DNA, 
although efficiencies are dependent on the origin of the DNA.
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1.10.2 Plasmid vectors
1.10.2.1 Shuttle vectors
There are very few shuttle vectors containing Campylobacter antibiotic resistance 
genes and origins of replication for both Campylobacter and E. coli available for 
cloning Campylobacter genes. The plasmid pILL550 (Labigne-Roussel et al, 1987) 
confers resistance to kanamycin via the amino-glycoside phosphotransferase type III 
which comes from the C  coli plasmid pIP1433 and is expressed in both 
Campylobacter and E. coli. The plasmid pILL550 also contains an origin of 
replication derived from the C. coli plasmid pIP445 that functions in Campylobacter 
species and an origin of replication from the plasmid pUC13 (Veira et al, 1982) that 
functions in E. coli. It also contains an oriT sequence from the plasmid pEYDGl 
(Yakobson and Guiney, 1984) which allows mobilisation from E. coli to 
Campylobacter species (Labigne-Roussel et al, 1987). There are also the pUGA 
series of shuttle vectors (Wang and Taylor, 1990b; Wang and Taylor, 1990b) with 
different antibiotic resistance markers , Cm' , Km' and Tc‘ ,which consists of the cat, 
aphA-3 and tet(O) genes, respectively and the LacZ component that can complement 
a defective P-galactosidase in E. coli and identify clones by blue/white selection.
1.10.2.2 Suicide Vectors
Suicide vectors can be introduced into Campylobacter but cannot replicate (Labigne- 
Roussel et al, 1988). This approach was used to inactivate flagellar genes in both C. 
jejuni and C. coli (Guerry et a l, 1991). Usually the original copy of the gene of 
interest is disrupted by insertional mutation of a antibiotic resistance cassette. When 
the suicide vector is inside the Campylobacter cell, homologous recombination occurs 
between the cloned gene and the Campylobacter chromosome and the original copy 
of the gene is replaced by the mutated gene.
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1.10.3.3 Campylobacter vectors
These plasmids will only replicate in the Campylobacter species in which they were 
constructed and contain an origin of replication from C coli, a multiple cloning site 
and a resistance determinant that only functions in Campylobacter. These vectors 
were useful for the transfer of Campylobacter DNA into other Campylobacter spp. 
via electroporation (Wang and Taylor, 1990b).
1.11 Main aims of this thesis
This work can be divided into predominantly two areas ; Rapid detection of C. jejuni 
/ C. coli using the magnetic immuno-polymerase chain reaction assay (MIPA) and 
detection of gene expression in VBNC C. jejuni. Initially, MIPA was applied to the 
detection of C  jejuni i C. coli in foods but MIPA was also evaluated as a technique 
for detecting VBNC C. jejuni in environmental samples. We next examined the 
question of whether these so-called VBNCs were viable and addressed this by 
examining whether they could regulate levels of gene expression in response to 
specific changes in their environment. Promoter probe vectors were then assessed for 
their applicability in the detection of regulation of gene expression in VBNC C. jejuni 
and as a surrogate measure of cell viability.
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Chapter 2.0 The Magnetic immuno-polymerase Chain Reaction 
Assay For The Detection Of C. jejuni I C. coli in foods. 
2.1 General Material and Methods
2.1.1 Solutions
PBS pH 7.4 (Sigma)
PBS pH 7.4+ 5% Bovine Serum Albumin (BSA, Sigma)
PBS pH7.4 + 0.5% BSA
PBS pH 7.4 + 0.5% Tween (Sigma)
0.1 M Phosphate buffer pH 7.2-7.4 (AnalaR)
Reverse osmosis (RO) water
Reverse osmosis water +1%  Triton-X -100 (Sigma)
2.1.2 Bacterial Strains
C. jejuni 81116, C. jejuni NCTC 12189, C. jejuni G1 (Chase Farm Hospital, Enfield.) 
C. jejuni 2766 (University of Surrey culture collection), C. jejuni TH35 and T4NS+ 
(Humphrey, Exeter PHLS), C. coli, NCTC 11366, C  upsaliensis NCTC 12206, C. 
venerealis NCTC 10354, C  laridis NCTC 11352. The other bacteria came from the 
culture collection of Leatherhead Food Research Association:- Citrobacter freundii 
(GO 13), Enterobacter cloacae (G003), Enterococcus faecalis (YOOl), Escherichia coli 
(R74), Salmonella enteritidis (R61), S. Stanley (R023), and S. typhimurium (R72).
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2.1.3 Culture Media and Growth Conditions
The Campylobacter strains were grown on 10% lysed horse blood plates consisting of 
standard Columbia agar (Unipath) and 10% lysed horse blood (TCS Biologicals) in a 
42°C incubator under microaerophilic conditions (5% oxygen, 10% carbon dioxide and 
85% nitrogen) and in Brain Heart Infusion Broth with 1% yeast extract (BHI/1%YE) 
(Unipath) in a 37°C water bath. The enrichment broth was Exeter enrichment medium 
(Humphrey, 1986). Exeter enrichment medium consisted of nutrient broth (Unipath) 
containing 5% lysed horse blood and the selective antibiotics: trimethoprim (10 pg/ml), 
sodium cefoperazone (15 |_ig/ml), colistin sulphomethate (4 |,ig/ml), vancomycin 
hydrochloride (10 and amphotericin B (2 pg/ml) (Sigma). The aerotolerant
supplement FBP was added to give a final concentration of 0.02% sodium 
metabisulphite, 0.02% sodium pyruvate and 0.05% ferrous sulphate (Unipath). 
Inoculated broths were incubated at 37°C for 3-4 hours and then at 42°C for 24-48 
hours. Selective detection of Campylobacter was achieved using plates of Skirrow’s 
medium containing Columbia agar and 10% lysed horse blood plates containing the 
selective antibiotics, vancomycin (10 |,ig/ml), trimethoprim lactate (5 pg/ml), and 
polymixin B (2.5 i.u) (Unipath). All antibiotics were dissolved in distilled water, except 
cefoperazone which was dissolved in dimethyl sulphoxide (DMSO) (Sigma) and they 
were aliquoted and stored at -20°C.
For plate counts C. jejuni was diluted in maximum recovery diluent (MRD) which 
consisted of 0.85% sodium chloride (Fisons) with 0.1% bacteriological peptone. 100 pi 
of the diluted bacteria were added onto 10% lysed horse blood plates and spread gently 
over the surface of the plate with a sterile spreader.
Other bacteria were maintained on TSA slopes, grown at 37°C and stored at 4°C. These 
slopes were subcultured into buffered peptone water (BPW) at 37°C for 24 hours. For
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plate counts they were diluted in maximum recovery diluent (MRD) and plated on to 
Tryptone Soya agar (TSA) plates incubated at 37°C for 24 hours.
2.1.4 Direct immobilisation of Antibodies To Magnetic Particies 
Preparation of immunomagnetic particles and subsequent separation techniques were 
carried out in 1.5 ml screw top Eppendorf tubes (Sarstedt), pre-treated with phosphate 
buffered saline (PBS) pH 7.4 containing 0.5% Bovine Serum Albumin (BSA). Biomag 
magnetic particles coated with protein G were used at a concentration of either 5 mg 
ml'^  containing 5x10^ particles mf^ or 1 mg ml'^  containing 1x10  ^ particles ml‘  ^
(Metachem Diagnostics, Northampton, UK). Biomag magnetic particles coated with the 
primary goat anti-mouse antibody were used at the same concentrations. The Dynal M- 
450 rat anti-mouse IgG3 magnetic particles were used at a concentration of 5x10^ 
particles ml'\ They were all washed four times with PBS containing 0.5% Tween to 
remove sodium azide. The washed particles were retrieved using a magnetic particle 
concentrator (Dynal U K Ltd) after 5 minutes standing at room temperature. The 
polyvalent antibody used with the Biomag Protein G magnetic particles was directed 
against the cell surface antigens (Supplied by Kirkegaard and Perry Labs. Inc. 
Maryland, USA. at a concentration of 1 mg.mf*). The monoclonal antibody used in 
conjunction with the Biomag goat anti-mouse and the Dynal rat anti-mouse M-450 
magnetic particles was directed against a cell wall component of Campylobacter 
(supplied by Bradsure Biologicals LTD, Leicester, UK at a concentration of 0.1 mg 
ml'^). The polyvalent antibody was diluted 1:100 (10 j.d of antibody was added to 990 
til of PBS containing 0.5% BSA) and the monoclonal antibody diluted 1:10 (100 til of 
antibody was added to 900 td of PBS containing 0.5% BSA). The tubes were incubated 
at 4°C or three hours with gentle rotation on a spira-mix (Denley). Finally the particles 
were washed twice for five minutes each time with PBS containing 0.5% Tween to 
remove any unbound antibody.
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2.1.5 Sii'de Agglutination
A dense bacterial suspension was made in 0.1 M PBS on a glass microscope slide. 
Twenty pi of magnetic particles coated with 1:10 dilution of antibody and the slide 
rocked gently for 2 mins. Agglutination of the bacteria was recorded as a positive result. 
Negative controls were included with C. jejuni and uncoated magnetic particles and 
magnetic particles coated with antibody and no bacteria.
2.1.6 Immunomagnetic Separation
Twenty pi of Biomag magnetic particles (1x10^ particles) were added to 1 ml cultures 
of C. jejuni 81116 or to 1 ml of the enrichment broths containing the milk and chicken 
samples and incubated at ambient temperature for 1 hour with gentle rotation on a 
multi-mixer. The bound bacterial cells were recovered using the magnetic particle 
concentrator and the particles consecutively washed once with PBS containing 0.5% 
Tween, once with Reverse osmosis (RO) purified water and finally resuspended in 50 pi 
ofRO containing 1% Triton X-100 (Masters et al, 1994).
2.1.7 Lumac ATP Assay (Lumac, P.O. Box 31101, 6370 AC Landgraaf, The 
Netherlands)
2.1.7.1 Reagents
Lumit buffer - 25 mM HEPES, 7.5 mM magnesium sulfate and 1 mM EDTA, pH 7.5. 
Lumit®-PM - purified luciferase with D-luciferin, bovine serum albumin and 
dithiothreitol.
NRB® contains surfactants to release microbial ATP.
2.1.7.2 Reagent preparation
Seven ml of lumit buffer was added to the lumit®-PM vial, and mixed gently to ensure 
complete dissolution. In the reconstituted form it was stable for 12 hours at room
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temperature but can be kept at -80°C for further use. All other solutions were pre­
prepared and supplied by Lumac.
2.1.7.3 Protocol
The ATP content of a bacterial sample was measured using assay mode 2, 100 pi of the 
bacterial sample was added to a cuvette (Lumac) and 100 pi of NRB® was added 
automatically. There was a delay of 10 seconds before 100 pi of Lumit®-PM was added, 
a delay of 2 seconds and finally an integration time of 10 seconds before the read out 
was available. The luminometer used was the Lumac Biocounter® M2500.
2.1.8 Extraction of C. Jejuni chromosomal DNA (see Chapter 3 Materials and 
Methods)
2.1.9 Lysis optimisation
An overnight culture of C  jejuni 81116 was centrifuged at 13,000 revs, min'  ^ using a 
micro-centriflige (MSE Microcentaur, Fisons) to remove the supernatant (containing 
growth medium) and resuspended in RO water and diluted to contain 10^  cfu ml"' to 10^  
cfu m f\ To these series of dilutions different lysing agents were added ( Table 2.0).
Table 2.0 Protocols for preparation of different lysing agents.
Lysing agent Procedure
Boiling 
Proteinase K
Triton X-100
Proteinase K and Triton X- 
100
Heated to 100°C in a water bath and centrifuged at 
13 000 rev min-1 for 5 min.
Added to give a final concentration of 1% (v/v), 
incubated at 55°C for 1 hr and boiled for 15 min to 
inactivate enzyme. Spin at 13 000 rev min-1 for 5 min. 
Added to give a final concentration of 1% (v/v), 
incubated at 40°C for 20 min and added straight into 
the PCR reaction.
Incubate at 40°C for 20 min and boil for 15 min.
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2.1.10 Artificially contaminated food samples
2.1.10.1 Milk. UHT semi-sldmmed milk was aliquoted aseptically into 0.9 ml amounts 
and 0.1 ml of a 24 hour culture of C. jejimi 81116 was added and serially diluted 1:10 
in the milk. Enumeration of C  jejuni was determined by spread plate counts on 
Columbia agar supplemented with 10% lysed horse blood. The final concentration of 
bacteria in the milk was 1000 cfu ml"^  to 0.1 cfli ml'\ One ml of the artificially 
contaminated milk was added to 9 ml of Exeter enrichment medium.
2.1.10.2 Chicken. Ten g of skin was removed from frozen chicken that had been 
previously sterilised with y irradiation at a dose of 50 KiloGrays (Isotron pic. Reading). 
Ninety ml of growth medium (BHI/1%YE) were added and the mixture homogenised in 
a stomacher for 3 minutes. The suspension was allowed to settle for 15 minutes before 
aliquoting aseptically in 0.9 ml volumes. These were used to prepare a decimal dilution 
series of Campylobacter cells which were used to inoculate Exeter enrichment broth as 
above. C. jejuni were enumerated by spread plate counts on 10% lysed horse blood 
agar. The final concentration of bacteria in the chicken extracts ranged from 1000 cfu 
mf^ to 0.1 cfu ml"\
2.1.11 Magnetic immuno-Poiymerase Chain Reaction Assay (MIPA).
The resuspended particles containing the bound C  jejuni were vortexed vigorously, 
centrifuged in a microfuge for 1 minute at 13,000 revs, min'  ^and the pellet resuspended 
in RO water with 1% Triton X-100 gently by vortexing. The particles were then 
incubated at 40°C for 20 minutes to lyse the bacterial cells, vortexed again and 
centrifuged for 2 minutes at 13,000 revs, min'  ^ to pellet the magnetic particles and 
recover the supernatant containing the DNA for the PCR.
The PCR reaction was carried out as described by van Camp et a l (1993). The primers 
were derived from the variable regions of 16S rRNA sequences. 6-1 5' - 
GTCGAACGATGAAGCTTCTA- 3' and 18-1 5' -TTCCTTAGGTACCGTCAGAA- 3'
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(van Camp et al, 1993) were located between positions 62bp-81bp and 471bp-452bp 
respectively (Olsen et al, 1991). Amplification (Biometra thermocycler, Hybaid) 
consisted of an initial dénaturation of 94°C for 2 minutes and 35 cycles of 94°C for 1 
minute, 65°C for 1 minute and 75°C for 0.5 minute.
PCR products were detected on 1.5% Tris-acetate (TAE) agarose gels. Figure 2.0 
provides a brief outline of the overall MIPA protocol.
20 pi Biomag magnetic particlest
1 ml pre-enrichment broth
gentle rotation for Ihr
Separate magnetic particles and wash 2X (IX PBS + 0.5% Tween and IX in RO H^ O)t
Lyse bomid bacteria in 1% TritonX-100
Figure 2.0 MIPA protocol for the detection of C. jejuni in foods.
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2.1.12 Conventiona! detection of Campytobacter from cloacai swabs and 
artificially and naturally contaminated chicken skin.
A loopful of the enrichment broth which contained the cloacai swab or the chicken skin 
was plated onto Skirrow’s selective growth medium and incubated at 42°C for 48 hours 
under microaerophilic conditions. Colonies were then analysed for typical grey 
spreading drop-like morphology. Latex agglutination was also used for final 
confirmation of the presence of Campylobacter. The procedure was as recommended 
by the Microscreen Campy Kit (Microscreen, Mercia diagnostics, Surrey).
2.1.13 Broiler Study
The cloacai swabs arrived from the Central Veterinary Laboratory (Weybridge) already 
in 10 mis of Exeter enrichment broth that had been incubated for 48 hours.
2.1.13.1 Procedure
As described above, 20 |.il of Biomag magnetic particles were added to 1 ml of the 
Exeter enrichment broth which contained the cloacai swabs and PCR was used to detect 
the presence of C. jejuni.
2.1.14 Supermarket chicken samples
Ten fresh retail chicken legs were purchased from various supermarkets and 
independent butchers. They had been stored at 4°C.
Conventional cultural methods for the detection of Campylobacter were compared to 
the magnetic immuno-polymerase chain reaction assay (MIPA).
Ten g of skin was removed from each sample and added to 90 ml of Exeter medium and 
incubated at 42°C for 48 hours. 1 ml samples were removed at 18 hours and 24 hours 
for assessment with MIPA and again at 48 hours for conventional isolation of C. jejuni 
using Sldrrow’s agar plates.
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2.1.15 Video analysis using light microscopy
The bound bacteria were simply resuspended in 50 pi of 0,5 M PBS and placed on to a 
microscope slide and covered with a cover slip and observed using a Olympus BH-2 
microscope under X I00 magnification and their motility observed using a video image 
system. (JAI videoguard video camera with a Hitachi VM-920K VDU monitor).
2.1.16 Electron Microscopy
2.1.16.1 Preparing samples for critical-point drying 
Fixing
® Bacterial cultures were centrifuged at 3, 000 revs, min  ^for 30 mins to remove 
growth medium and resuspended in 3% gluteraldehyde in 0.1 M phosphate 
buffer.
e Bound bacteria + magnetic particles were resuspended in 3% gluteraldehyde in 
0.1 M phosphate buffer.
® Both were fixed for 30 mins - 1 hr and rinsed twice in 0.1 M phoshate buffer for 
5 mins each time. They were then post-fixed in osmium tetroxide for 30 mins 
to 1 hr (not essential) and rinsed twice in 0.1 M phoshate buffer for 10 mins 
each time.
Dehydrating
© The samples were placed in a range of different concentrations of alcohol for 
10 mins each. 30%, 50%, 70%, 90%, 95% and 100% (absolute) alcohol.
• Bacterial cultures were then centrifuged at 3000 revs, min'* and progressively 
resuspended in each percentage of alcohol.
® The bound bacteria were separated on the Dynal magnet each time to 
resuspended in each percentage of alcohol.
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Finally, the samples were placed sequentially in the following mixtures of ethanol to 
acetone : 2:1, 1:1, 1:2 and absolute acetone and then be transferred to the critical point 
dryer. They were sputter coated with gold and platinum, mounted on a stub and 
examined under scanning mode.
2.1.17 Production of “viable but non-cuiturable” C. jejuni 
C. jejuni was grown in 150 ml of BHI/1%YE broth for 48 hours. The broth culture was 
centrifuged at 4, 000 revs, min'  ^ (MSE Centaur 2, Fisons) to pellet the bacterial cells. 
The pellet was then gently resuspended in sterile 0.1 M PBS. 200 pi was removed to 
determine total bacterial numbers by spread plate counts and direct microscope counts 
(see Chapter 3 Materials and Methods). The culture was then held without shaldng at 
4°C and samples removed periodically to determine plate counts and direct microscope 
counts.
2.2 Introduction
Conventional cultural detection of Campylobacter spp. in foods takes 4-5 days and 
involves selective enrichment followed by isolation from selective agar (Humphrey, 
1986; Skirrow, 1977) and finally identification by a range of biochemical and serological 
tests. The long time delay and the number of unit operations emphasise the need for a 
rapid, reliable, and sensitive technique for the detection of Campylobacter in foods.
2.2.1. Immunological capture of bacteria from foods and the 
environment.
The polymerase chain reaction (PCR) as an alternative detection system offers both 
specificity and sensitivity for detection of micro-organisms in pure cultures. Rossen et 
al. (1992) found that this sensitivity can be reduced dramatically by components of the 
foodstuffs, enrichment broths or DNA extraction solutions. This reduction in sensitivity 
could be the result of dénaturation of the Taq polymerase, precipitation of the sample
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DNA or chelation of the magnesium ions that are essential for the PCR to operate 
optimally (Lantz et ai, 1994). It can be overcome by combining the PCR with a number 
of different methods of sample preparation such as dilution of the inhibitory substances, 
although this also has the effect of reducing the sensitivity of the PCR assay. Selective 
enrichment can be applied to increase the number of target cells in proportion to the 
background and reduces the risk of detecting VBNC cells. However, components of the 
enrichment broth may inhibit the PCR for example, Campylobacter enrichment broths 
contain blood which is a well known inhibitor of Taq polymerase. Centrifugation can 
also be used but is less applicable to foods because although the bacteria are 
concentrated into a smaller volume and the sensitivity increased, food debris may 
become trapped between the bacterial cells. Filtration is not commonly used in the food 
industry to remove bacteria fiom foodstuffs because most foods are solid or semi-solid. 
Large food particles can clog up the filters and inhibitory substances can be 
concentrated together with the bacteria. Filtration is more applicable to detecting 
bacteria in water and has been used successfully coupled to PCR to detect both C. 
jejuni and C. coli in water samples (Kirk and Rowe, 1994; Oyofo and Rollins, 1993). 
DNA can be extracted from the bacteria directly in the foods. The DNA can be released 
from the bacteria by lysis, techniques such as heating, sonication and treatment with 
detergents such as sodium dodecyl sulfate (SDS) or Triton X-100 and treatment with 
proteases such as proteinase K. Proteases have to be inactivated before being added to 
the PCR reaction because they inactivate the taq polymerase and therefore inhibit the 
PCR reaction. All the above lytic methods require a high concentration of target cells to 
be present in the sample but DNA purification steps can be added on to the end of this 
lysis step to concentrate the DNA into a smaller volume. The main problem with 
purifying bacterial DNA from foods is the large number of steps involved in the DNA 
extraction; firstly the food sample has to be solubilised with proteases or lipases 
depending on the type of food being analysed. The bacterial are then centrifuged and
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lysed. Phenol : chloroform extraction is necessary to remove any contaminating proteins 
and finally ethanol precipitation to concentrate the bacterial DNA (Lantz et al, 1994). 
Dickinson et a l (1995) evaluated DNA extraction methods for the detection of 
Aerococcus viridans. Yersinia enterocolitica, and Listeria monocytogenes in various 
foods. DNA extraction methods concentrated the total DNA from the food which 
resulted in a high background DNA but this did not inhibit the PCR reaction. The 
detection limits varied from 10^  to lO'^  cfu mf^ depending on the type of food with 
lower sensitivities of detection with fatty foods such as cheese.
An alternative technique for concentrating bacteria and removing inhibitory substances 
is Immunomagnetic separation (IMS). This technique uses magnétisable particles coated 
with monoclonal or polyvalent antibodies which are specific to the bacteria of interest. 
The bacteria bind to the antibody and therefore can be selectively removed from the 
food or enrichment broth using a magnet. Figure 2.1 shows the steps involved in the 
capture of Campylobacter from a mixed population of bacteria. IMS has been used to 
separate a wide range of bacteria from food and environmental samples (see Table 2.1).
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Magnetic particles
Mixed bacterial population Capture o f Campylobacter from mixed population
Remove supernatant
NfxBdaitire
• Aoim# la rt id a
A N w aU tf  mtibotk
4
IVBxed culture Pure C jquni culture
Figure 2.1 Immunomagnetic separation of Campylobacter jejuni
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Table 2.1 Micro-organisms separated by Immunomagnetic separation
Target Ligand Detection method Reference No.
Organism
Bacteria
Campylobacter Goat anti-cell siuface PCR (45)
jejuni and C coli
Campylobacter Goal anti-cell surface PCR (57)
spp.
Helicobacter Rabbit anti-IgG PCR (52)
pylori CSA-1 Culture (121; 122; 213; 192; 16)
Salmonella spp. CAS-1 PCR (60; 61; 224; 225)
Salmonella spp Mab serogroups A-E DIANA (117)
Salmonella spp Mab serogroup Cl PCR (39)
Salmonella spp Dynabeads® ELISA (34)
Salmonella spp Dynabeads® Culture (38; 49; 85)
Salmonella spp Monoclonal anti-K88 Direct microscopy (118)
E. coli (ETEC) Monoclonal anti-K88 DNA probes (120)
E. coli (ETEC) Goat anti-0157 IgG Culture (146)
E. coli 0157:H7 Rabbit anti-0157 IgG Culture and (63)
E. coli 0157;H7 fluorescence microscopy 
Culture, immunologic
Shigella spp. Mab to serotype 1 detection and PCR (92)
S. dysenteriae and Mab serotypes 1-5
S. flexerni Anti-enterotoxin A (40)
Clostridium Mab anti-flagella ELISA (59)
perfringens
Listeria Mab anti-flagella PCR (192)
monoctogenes
Listeria Mab anti-flagella Culture (139)
monoctogenes
Pseudomonas Mab anti-flagella Culture (96; 97)
putida Culture and fluorescence
Staphylococcus anti- microscopy and ELISA (31)
aureus enterotoxin exopolysaccliaride Culture and
B anti-enterotoxin B immunomicroscopy
Thermodesulfobac- Mab to surface Culture and PCR (153; 154)
teriiim mobile antigen
Vibrio cholerae 07 Rabbit anti-K IMS and PCR (205)
Vibrio cholerae 01
parahaemolyti cits anti-capsule DIANA and PCRContd.
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Yersinia
enterocolitica
Rabbit anti-O 
antigens
Culture (211; 101; 171)
Rhizobium Rabbit anti-Rliizobimn DIANA (48)
Chlamydia
trachomatis
Rabbit anti-LPS (82)
Rickettsia conorri Mab to endothelial 
cells
Immunofluorescence (47)
Target Organism 
Viruses
Ligand Detection method References
HIV Mab against CD4 Ag Cell culture and ELISA (23)
Mab against CD4 Ag Nested PCR (24)
Enterovirus viral RNA RT-PCR and DNA (140)
Cytomegalovirus Streptavidin probes (25)
Hepatitis A Streptavidin DIANA (135)
Rotavirus
Parasites
Streptavidin PCR
PCR
(73)
Plasmodium
falciparum
Rabbit ant-MSPl Direct microscopy (185)
Schistosoma
mansoni
Mab against 
circulating S. 
mansoni Ag
ELISA (77)
Giardia lamblia 
Fungi
Mouse anti-Giardia 
IgG
Conventional and PCR (12)
Aspergillus niger 
Actiiiomvcetes
xylanase Culture (207)
Streptomyces
lividans
Mab to spore coat Direct microscopy (227)
A range of magnétisable particles are available commercially. They are 
superparamagnetic, that is they only exhibit magnetic properties in the presence of a 
magnetic field. The most commonly used magnetic particles are produced by Dynal 
(Oslo, Norway) and Biomag (Metachem Diagnostics Ltd, Northampton). Biomag and 
Dynal magnetic particles were used for the IMS of C. jejuni in this project (Figure 2.0). 
Biomag magnetic particles range in size from 0.5-1.5 pm in diameter and are formed by 
silanized magnetic iron oxide which carries Protein G on the surface. Protein G is a 
streptococcal derived protein which has a high affinity for the Fc region of polyvalent
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antibodies produced in goats. The particle surface area is greater than 100 g"\ the
density is 2.5 gcm'^ and the number of particles in 1 mg is 5 x 10^ .
Dynal particles are paramagnetic, polystyrene-based particles with a iron oxide core and 
are available in two diameters; 2.8 pm (Dynabeads ® M-280) and 4.5 pm (Dynabeads 
® M-450). The M-450 particles have a surface area of 3-5 m  ^g '\  a density of 1.5 g cm' 
 ^ and an iron content of 20% (w/v) and the total number of particles in 1 mg is 1.7x10 .^ 
Coated Dynabeads® with covalently immobilised streptavidin or secondary antibodies 
against primary antibodies are commercially available from Dynal (UK) Ltd, Wirral.
The ligands used to bind the micro-organisms onto the surface of magnetic particles are 
predominately polyvalent and monoclonal antibodies. Polyvalent antibodies can exhibit 
unwanted cross-reactivity with other bacteria and can also be difficult to prepare in a 
reproducible form and therefore monoclonals may offer better specificity. Polyvalent 
antibodies are bound to the magnetic particles via Protein A or Protein G or magnetic 
particles pre-coated with anti-mouse or anti-rabbit secondary antibodies. Alternatively, 
the primary polyvalent antibody can be linked to biotin which will bind specifically to 
streptavidin coated magnetic particles (Dynabeads ® M-280 Streptavidin and Biomag 
Streptavidin). Other ligands used as capture components are agglutinins and lectins but 
they lack specificity and will bind most bacterial species present in the food sample 
(Paynes/a/., 1993a; 1997a).
IMS can be coupled to a number of end detection systems which allow the detection of 
bacteria bound to magnetic particles (Table 2.0).
2.2.2 Conventional plate and liquid culture
Bound bacterial cells can be inoculated on to the surface of non-selective or selective 
agar or directly into broth cultures. The bacteria remain viable and will continue to 
grow in fresh media. However colony counts are not an accurate measurement of the 
number of bound bacteria because clumping occurs. More than one bacterial cell binds
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to each magnetic particle and therefore a cluster of bacterial cells may be represented by 
one colony (Skjerve et al, 1990).
2.2.3 Microscopy
Micro-organisms bound to the magnetic particles can be visualised using fluorescence 
microscopy following staining with acridine orange (Lund et ai, 1988) or 
immunofluorescence using a fluorescently labelled antibody. The latter can also be used 
to confirm the identity of separated cells (Table 2.0 Drancourt et al, 1992; Fratamico et 
ai, 1992; Islam and Lindberg, 1992). Scanning electron microscopy can also be used to 
observe the binding of the bacteria to the magnetic particle (Johne et al, 1989).
2.2.4 impedance measurements
Impedance technology measures the change in impedance or conductance of the growth 
medium which is a result of the metabolism of the organism. The time taken to obtain a 
detectable impedence or conductance signal is inversely proportional to the number of 
bacterial cells present initially. The coupling of IMS to impedance increases the number 
of cells present and therefore enrichment time can be reduced and detection of bacteria 
is possible within a few hours (Parmar et al, 1992).
2.2.5 ELISA
ELISA techniques need approximately 1 x 10^  bacterial cells mf^ for detection of 
bacteria in foods. These bacterial numbers are normally achieved by enrichment 
methods. Coupling IMS to the ELISA allows the concentration of bacteria in a shorter 
time. IMS-ELISA has been used by Cudjoe et a l (1995) for the detection of 
Clostiidium perfiingens enterotoxin and reduced the detection time from 24 hrs to 4 
hours (Table 2.0 Gundersen e ta l,  1992; Coleman et al, 1995; Cudjoe et al, 1991).
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2.2.6 Immunomagnetic separation with PCR and DNA hybridisation 
techniques
The magnetic immuno-polymerase reaction assay (MIPA) utilises magnetic particles 
coated with antibody to extract the bacteria from the food sample. The trapped bacteria 
are then lysed and the supernatant which contains the DNA is subjected to PCR. This 
combination of the immunological capturing of the bacteria and the subsequent 
detection by PCR overcomes the disadvantages of both methods used alone. Agarose 
gel electrophoresis is usually sufficient to detect the DNA generated during the PCR but 
Southern blotting and DNA hybridisation using a DNA probe can increase the 
sensitivity of detection of amplified PCR products 100 fold. Pre-enrichment is usually 
necessary before the MIPA is applied, but the identification time is still faster than 
conventional methods because subsequent selective cultural methods are replaced by 
PCR (Figure 2.2). MIPA has been used to detect a range of bacteria in food and faecal 
samples (Table 2.0; Fierens et al, 1993; Kapperud et al, 1993; Lund et al, 1991; 
Hedrum et al, 1992; Enroth and Engstrand, 1995; Docherty et al, 1996; 
Widjojoatmodjo et al, 1991; Fluit et al, 1993; Fluit et al, 1993; Widjojoatmodjo et al, 
1992).
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Pre-enrichment in 
Exeter broth
18Hrs
L 24-48 His MIPA
Selective plating 
(Sidrrow’s)
24-48 Hrs
Serological and 
Biochemical Identification
Figure 2.2 Conventional cultural method for the detection of C. jejuni in foods showing 
where the Magnetic Immuno-polymerase chain reaction (MIPA) could be applied.
2.2.7 DIANA
Amplified PCR products can be detected by DIANA (Detection of Immobilised 
Amplified Nucleic Acids) (Figure 2.3). It uses two sets of primers in the PCR reaction. 
The outer set which are not labelled (step 1) and the inner set which are labelled (step 
2); one of the primers is biotinylated on the 5’ end and the second with a partial 
sequence of the lac operator (lacOp) (step 3). A recombinant lac operon has been 
utilised which would normally allow wild-type E. coli to metabolise lactose. Step 4 
shows that the recombinant E. coli lac repressor (Lad) (3-galactosidase reporter fusion 
protein is added to the reaction and the repressor binds to the E. coli lac operator 
sequence. The colour reaction is produced by adding a chromogenic analogue of 
lactose. The analogue ONPG is then broken down by the p-galactosidase wliich
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produces the colour change. The amplified biotinylated DNA can be bound to 
streptavidin coated magnetic particles and the bound DNA can be measured 
chromogenically. DIANA has been coupled to IMS by a number of workers (Table 2.0; 
Brytting et al., 1992; Hedrum et al, 1992; Luk and Lindberg, 1991).
111 tevfeji 11111111 H nm a— ri-i- Target DNA
(1) 1 N on-labelled flanking primers
I RmsTmiTi 1111 i
^  Labelled inner primers(2)
B io tiiw I lac OP
DIANA Bind to solid support
Add Lacl-p galactosidase
Add colorimetric substrate
Colorimetric detection Strqitavtdln coaled solid supnorl
Lac I-p giiliictosldascnisloii proldii
Figure 2.3 The colorimetric detection of immobilised amplified nucleic acids (DIANA) 
(Hedrum 1992)
2.2.8 MIPA for the detection of C. jejuni in foods
The aim of this project was to develop the magnetic immuno-polymerase chain reaction 
assay (MIPA) as a reliable, rapid, and sensitive technique to detect C.jejimi in foods. 
This involved firstly developing a polymerase chain reaction (PCR) which was specific 
and sensitive enough to detect low numbers of Campylobacters, optimising the binding 
efficiency of the magnetic particles for the Immunomagnetic separation (IMS) and 
combining the IMS with the PCR to give the Magnetic Immuno-polymerase chain
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reaction assay (MIPA). The MIPA was used for the detection of C. jejimi in spiked 
milk and chicken samples and to determine the incidence C jejimi in broiler flocks and 
naturally infected poultry from supermarkets.
2.3 Results
2.3.1 Optimising the Immunomagnetic separation (IMS)
2.3.1.1 Specificity of antibody coated magnetic particles
Table 2.2 Reactivity of the polyvalent antibody to Campylobacters and non- 
campylobacters using the slide agglutination technique.
Bacteria tested Slide agglutination reaction*
Monoclonal anti-cell surface Polyvalent goat anti-cell 
surface
C  jejimi 81116 + +
C. jejuni G1 + +
C. upsaliensis — +
C. venerealis — +
C. fetus — +
C. lari — +
C. col + H-
Enterococcus faecalis
Citj^obacter fiximdii _
Escherichia coli
Enterobacter cloacae
Control ^ — —
Control ^ —
* + agglutination, -  no agglutination 
control ''magnetic particles witii no antibody 
control  ^magnetic particles with 0.1 M PBS
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The specificity of the monoclonal and polyvalent antibody for Campylobacter was 
determined using a slide agglutination technique. It was found that the polyvalent 
antibody reacted with all the Campylobacter species tested but not with the non- 
campylobacters (Table 2.2). The specificity of the monoclonal antibody was also 
determined using this slide agglutination technique and was found to react only with C. 
jejimi and C. coli but not with the non-campylobacters (Table 2.2).
2.3.2 The Lumac ATP assay for determining the number of bound 
bacteria! cells.
3.0 -
9  1.5
Loqio cfu/ml
R^  = 0.9017
Figure 2.4 Correlation of ATP levels to plate counts of C  jejuni using the Lumac 
system
Determining the number of bacterial cells that have bound to the magnetic particles was 
essential before optimisation of the IMS technique could be achieved. The Lumac 
system is a highly automated technique where bacterial numbers can be quantified by 
estimating total microbial ATP. The lumac ATP assay involved extracting ATP from 
bacterial cells and measuring the light output produced from the reaction between 
bacterial ATP and Lumit-PM (firefly luciferase). The light output is measured using a
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luminometer. The light output in relative light units (RLU) could be directly correlated 
to plate counts per ml using the linear regression plot in Figure 2.4.
ATP luminometry was also used to determine the optimum binding time of 
Campylobacter to the magnetic particles (Figure 2.5). Binding reached a plateau after 1 
hour and this time period was used in all subsequent work.
5.2 -
Iu
6)o
T3s3
%30)o
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30 40 50 600 10 20
Time (mins)
Figure 2,5 Optimising the incubation time of magnetic particles binding to C.jejimi. 
2.3.3 Optimal antibody concentration
The optimal polyvalent antibody concentration was determined by estimating the 
number of C. jejuni cells bound to the magnetic particles using the Lumac system. The 
starting concentrations of C. jejuni 81116 and G1 were 3.98 x 10^  cfii ml'^  and 1.77 x 
10^  cfu ml'^  respectively. Changing the antibody concentration from 100 }.ig/ml (1:10 
dilution) to 20 {.ig/ml (1:50 dilution), and 10 pg/ml (1:100 dilution) during the direct 
immobilisation of antibody onto the magnetic particles did not affect the binding 
efficiency of the particles greatly. The binding ranged from 2.69 x 10^  cfu m l'\ 8.98 x
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lO'* cfu ml ', and 9.88 x 10'* cfu ml ' for C. jejuni 81116 with 1: 10, 1:50 and 1:100 
antibody dilutions respectively and 2.51 x 10' cfu ml ', 1.0 x 10^  cfu ml ' and 3.98 x 10'* 
cfu ml ' for C. jejuni G1 with 1:10, 1:50 and 1: 100 antibody dilutions respectively. 10 
pg/ml was used as the optimal concentration of antibody for maximum binding of C  
jejuni (Figure 2.6).
au
O)o
■o0>u3
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o
cone.
M C.jejuni 81116 
E] C.jejuni G1
1:100
Ab
Figure 2.6 Effects of different antibody concentrations on the binding of C. jejimi to 
Biomag Protein G magnetic particles. X = Standard error of the mean (SEM) of 
triplicate samples.
2.3.4 Effect of washing on the binding of C. Jejuni to the magnetic 
particles
It was found that washing the magnetic particles more than once reduced the numbers 
of C.jejimi binding. (Figure 2.7) Four washes did not reduce the non-specific binding of 
S. typhimuriiim, E. coli or Ent. faecalis significantly (Figure 2.8) and it was decided to 
wash the magnetic particles twice to retain the numbers of C  jejuni binding.
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Figure 2.7 Effects of washing on the binding of C. jejuni to Biomag Protein G 
magnetic particles. X = Standard error of the mean (SEM) of duplicate samples.
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s. typhimurium Ent. faecalis E. coli
Figure 2.8 Non-specific binding o f  non-campylobacters after four washes. X = Standard error o f  
the mean (SEM) o f  duplicate samples.
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2.3.5 Comparison of polyvalent and monoclonal antibodies for optimal 
binding efficiency
(Q
100 
90 
80 
70 
60 
50 TSuS  40
^  30
20 
10 
0
Biom ag
protein
G
Biom ag
goat
anti­
m ou se
iC. jejuni ce lls  remaining
Dynal 
rat anti­
m ou se
□  Bound C. jejuni ce lls
Figure 2.9 Comparison of the numbers of C  jejuni cells bound to different types of 
magnetic particles during separation 1= Standard error of the mean (SEM) of duplicate 
samples.
Polyclonal goat and monoclonal mouse antibodies, both reactive against the 
Campylobacter cell surface, were attached to the magnetic particles and compared as 
capture antibodies systems. Capture of Campylobacter cells was estimated by plating 
suspensions of cells before (lO'' cfu/ml) and after treatment with immunomagnetic 
particles. The number of bacteria per ml remaining after separation was calculated from 
plate counts and used to determine the percentage of C. jejuni cells bound to the 
magnetic particles. Biomag protein G particles with a polyvalent antibody immobilised 
on to the surface bound 10.4% of the total number of bacterial cells. Biomag goat anti­
mouse and Dynal rat anti-mouse both with a monoclonal antibody immobilised onto
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their surface bound 12% and 15% of the total number of bacterial cells respectively 
(Figure 2.9).
2.3.6 Binding of C. jejuni to antibody coated magnetic particles 
Scanning electron microscopy (SEM^) and video analysis during light microscopy was 
used to observe C  jejuni binding to the magnetic particles. Video analysis was a useful 
technique because the darting motility of Campylobacter cells could be observed in real 
time. Figure 2.10 clearly shows a Campylobacter cell attached to a biomag magnetic 
particle. It also shows the wide range of shapes and sizes of the magnetic particles 
compared to the consistently spherical shape of dynal particles. Dynabead M-450 
particles were used for (SEM^) because of their uniform size and shape. (Figure 2.11) 
Very few Campylobacter cells seem to have bound to the magnetic particles.
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Figure 2.10 C  jejuni binding to Biomag protein G magnetic particles under the light 
microscope (xlOO magnification).
IHM lOKV 01 003 S
Figure 2.11 Scanning electron micrograph of C. jejimi binding to Dynal rat anti-mouse 
particles.
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2.4 Discussion
When considering the optimisation of the IMS, the specificity of the antibody coating 
the magnetic particles has to be determined. If the IMS is used alone, the specificity of 
the antibody is crucial but if it is combined with PCR, as in this work, the specificity is 
not so important because the PCR primers offer the specificity required for the 
detection of C. jejimi and C. coli.
The polyvalent antibody raised against the cell surface of Campylobacter does offer 
specificity for the genus Campylobacter but cannot distinguish between individual 
members (Table 2.2). Binding of specific species of Campylobacter is not essential at 
this stage because the PCR is specific for the thermophilic Campylobacters. Although 
the monoclonal was specific for C  jejimi and C. coli (Table 2.2), the antibody was 
unstable when stored at 4°C, this gave inconsistent results so the polyvalent antibody 
was used for the majority of the work.
Initially, the number of bound bacterial cells was estimated using plate counts but the 
Lumac system was preferred because the ATP levels correlated well to the plate counts 
and results were available significantly faster. The only drawback of ATP luminometry 
is that it has a detection limit of lO'* cfu ml '. The Lumac system was used to determine 
the optimal antibody concentration for maximum binding of C. jejimi to the magnetic 
particles but could not be applied to further work where lower numbers of bacteria were 
involved. (Blackburn et ah, 1991) successfully quantified the number of bound 
Salmonella enteritidis from egg yolk using bioluminescence (Blackburn et al, 1991). 
When the incubation time was increased from 15 to 60 minutes, the recovei^y of C 
jejimi increased (Figure 2.5). This is consistent with the results of other workers, 
Skjerve et ah (1990) and Vermunt et a l (1992) during the IMS of Salmonella. 
Optimising the number of washes to remove unwanted bacteria from the natural sample 
without removing vast numbers of C. jejimi was difficult because there was a
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considerable loss of Campylobacter cells after the first and second washing step 
(Figure 2.7). This may indicate that the Campylobacter cells only have a weak affinity 
for the magnetic particles. This poor affinity may be due to non-specfic binding of 
Campylobacter cells to the magnetic particles. Comparing Figures 2.6 and 2.8 
demonstrates that Campylobacters bind to the magnetic particles at similar levels to non- 
campylobacters. This indicates that their binding to the magnetic particles is irrespective 
of the presence of the antibody. Therefore it would appear that the role of antibody in 
the IMS of Campylobacter is minor.
The non-specific binding of S. typhimurium, Ent. faecalis and E. coli remained 
relatively high even after 4 washes which could be an indication that they have a 
stronger affinity for the magnetic particles than the Campylobacters (Figure 2.8). There 
could be large areas of the magnetic particle exposed with no antibody on the surface 
because the slide agglutination technique indicates that non-campylobacters do not bind 
to the antibodies.
The high levels of non-campylobacters remaining after four washes contrasts to the 
binding of S. typhimurium to Dynabeads M450 where the numbers lost were minimal 
even after 4 washes (Blackburn 1991 PhD.Thesis).
The binding of C. jejuni to the Dynal® and Biomag protein G particles ranged from 10- 
15% of the total bacterial population. Other workers have recovered from 50-55% of 
their original population (Skjerve et al, 1990; Vermunt et al, 1992; Dye, 1997). 
Although it is difficult to estimate how many bacterial cells have bound to each 
magnetic particle because this will vary because of the range of shapes and sizes of the 
biomag magnetic particles, SEM« and video analysis would seem to indicate that few of 
the magnetic particles had C. jejuni cells attached. This is not too surprising if the 
number of Campylobacter cells bound to each magnetic particle is calculated 
theoretically. A total of 1 x 10^  magnetic particles was added to a 1 x 10^  cfti ml '
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culture of C. jejimi, previous work has shown that approximately 10% of the 
population of C  jejuni bind to the magnetic particles (Figure 2.9).
However Figure 2.6 demonstrates that only 0.1% (10  ^ cfu/ml) of the C  jejuni 
population bind to the magnetic particles, as determined by luminescence. This was 
confirmed by plate count data as illustrated in Figure 2.7, suggesting a discrepancy in 
recovery rates between bound cells and cells remaining. In Figures 2.6 and 2.7, starting 
concentrations of magnetic particles and bacteria were in the region of 10^  cfu/ml. 
Therefore cell binding efficiency was approximately 1 cell-particle complex for every 
1,000 free cells and particles, thus there was a distribution of less than one cell per 
particle. This discrepancy appears not to be the result of washing. Figure 2.7 
demonstrates that a single wash does not reduce bound cell numbers further. Successive 
washes thereafter do have an affect in reducing recovery levels. The 9.9% of 
unrecovered cells may be accounted for by loss of viability during the procedure or non­
specific adsorption of cells to the tube surface may remove these cells. However, later 
investigations using plate counts revealed that viability of cells in stationary cultures 
incubated at 25°C for more than 30 hrs was maintained. Indicating that non-specific 
adsorption to the surface of the tube is a more likely explanation for the discrepancy 
between bound cells and cells remaining.
Although it has been shown that it is non-specific binding which is responsible for the 
capture of Campylobacter cells, the IMS technique removes these cells fi om inhibitory 
substances within the enrichment broth which could adversely affect the PCR.
In conclusion, the IMS technique would be improved dramatically by increasing the 
specific absorption capacity of the antibody, thus increasing the number of 
Campylobacters captured as well as removing PCR inhibitors. The next section in this 
chapter deals with coupling the IMS with PCR for detecting Campylobacter in foods.
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2.5 The magnetic immuno-polymerase chain reaction assay for 
the detection of Campylobacter \n milk and poultry (1998)
L. Docherty, M.R. Adams, F. Patel, and JJ. McFadden.
2.5.1 Summary
A rapid and sensitive technique, based on the magnetic immuno-polymerase chain 
reaction assay (MIPA), was developed for the detection of C  jejuni in milk and chicken 
products. Target bacteria are captured from the food sample by magnetic particles 
coated with a specific antibody and the bound bacteria then lysed and subjected to PCR. 
The MIPA could detect 420 cfu g"' of chicken after 18 hours, 42 cfu g"' after 24 hours, 
and 4.2 cfli g"' after 36 hours enrichment. For artificially contaminated milk 63 cfu ml ' 
could be detected after 18 and 24 hours and 6.3 cfu ml ' after 36 hours enrichment.
2.5.2 Introduction
C  jejuni is the most commonly reported cause of gastro-enteritis world-wide (Penner, 
1988). It is commonly found as a commensal in a wide range of wild and domestic 
animals and birds (Blaser et al, 1983a) and epidemiological investigations have 
implicated poultry, (Harris et al, 1986), unpasteurised milk (Robinson, 1981) and 
untreated water (Pearson et al, 1993) in human disease transmission.
Detection of Campylobacter spp. in foods takes 4-5 days and involves selective cultural 
enrichment followed by isolation from selective agar (Skirrow, 1977); (Humphrey, 
1986) and finally identification by a range of biochemical and serological tests. These 
limitations emphasise the need for a rapid, reliable, and sensitive technique for the 
detection of Campylobacter in foods.
The polymerase chain reaction (PCR) has been used for the detection and typing of 
Campylobacters (Birkenhead et al, 1993) but its use in the food industry has been
' Published in Letters in Applied Microbiology 22: 288-292
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limited by the inhibition of Taq polymerase by components from food or enrichment 
media.
The magnetic immuno-polymerase chain reaction assay (MIPA) overcomes the 
problems of inhibitors and can be used to detect a wide range of bacteria in food and 
environmental samples (Birkenhead et al, 1993; Islam and Lindberg, 1992; Kapperud et 
al, 1993 and Fluit et al, 1993). MIPA is based on a combination of immunomagnetic 
separation (IMS) and PCR in which target bacteria are removed from the food source 
by magnetic particles coated with a specific antibody, the bound bacteria are then lysed 
and subjected to PCR.
It has been used here for the detection of C  jejuni in food and environmental samples.
2.5.3 Results and Discussion
The specificity of the PCR was confirmed using DNA from 5 strains of C. jejuni (81116 
T4NS+,TH35,G1 and 2766), C  coli, C. lari, C. venerealis, and C. upsaliensis and 5 
non-campylobacters Git. fi'eundii, Ent cloacae, E. coli, Ent. faecalis,mà S. 
typhimurium. PCR products of the expected size of 410 bp were obtained for C jejuni, 
C. coli, and C  lari but C. upsaliensis and C  venerealis were negative. All non- 
campylobacter strains were negative. The sensitivity of the direct PCR for detection of 
Campylobacter DNA was 135 fg of DNA, equivalent to approximately 20 bacterial 
genomes. The detection limit of direct PCR of C. jejuni cells serially diluted in milk was
6.3 X 10^  cfu ml"\ Direct PCR was completely inhibited in chicken homogenate and it 
was necessary to dilute samples 100-fold before a PCR product could be detected.
The MIPA was developed for the detection of C. jejuni in milk and chicken products to 
improve sensitivity, to reduce the overall detection time and to overcome the inhibitory 
factors present in foods and enrichment broths.
Goat polyclonal and a mouse monoclonal antibodies, both reactive against the 
Campylobacter cell surface, and attached to the magnetic particles were compared as
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capture antibodies. Capture of Campylobacter cells was estimated by plating 
suspensions of cells before and after treatment with immunomagnetic particles. In each 
case 10-15% of Campylobacter cells were estimated to have bound to the particles. 
Because of their better stability during storage goat polyclonal antibodies were used in 
subsequent experiments. Sensitive detection of Campylobacter by MIPA requires 
efficient lysis of cells and release of DNA from the immunomagnetic particles. Four 
different lysis protocols were compared (Table 2.0) and the optimum recovery of DNA 
was estimated by PCR end-point dilution. Treatment with 1% Triton X-100 was found 
to give the maximum sensitivity of detection. Varying sample volumes of 0.5-5 ml and a 
magnetic particle concentration of 10^ -10*^  ml indicated that optimisation was obtained 
from a sample volume size of 1ml containing 10^  magnetic particles.
This sensitivity was unaffected by the presence of E. coli (6 x 10*^  cfu ml'\ data not 
shown).
MIPA was used for the detection of C  jejuni in milk and chicken homogenate. The 
maximum sensitivity of detection was 6.3 x 10^  cfu ml'^  for milk and 6.3 x 10 ® cfu g"^  
for chicken. Although this was an improvement over direct PCR, a greater sensitivity is 
required for practical application. An advantage of MIPA is that it facilitates a culture 
enrichment step which amplifies the signal from culturable cells. To determine the 
optimum culture enrichment time for maximum sensitivity of detection of C. jejuni in 
milk and chicken, 1ml samples of enrichment broth were removed at 18, 24 and 36 
hours and subjected to MIPA. The results shown in Table 2.3 and Figures 2.12 and 2.13 
show the limits of detection after various enrichment times. The maximum sensitivity 
was achieved after 36 hours enrichment (4.2 cfu g'^  of chicken and 6.3 cfu ml'^  of milk). 
However, the sensitivities obtained after 18h enrichment (420 cfu g'* of chicken and 63 
cfu ml'  ^for milk) may be sufficient for most purposes since the level of contamination in 
poultry has been estimated to be from 10^  - 10“* organisms g'  ^ (Jay 1986). Using 18h 
enrichment, the time taken to complete the test was 24 hours.
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The procedure showed good reproducibility; triplicate experiments using slightly 
different inoculum levels gave limits of detection for chicken and milk after 24 h 
enrichment as 42, 51, and 55 cfii g'^  and 63, 62 and 51 cfu ml'  ^respectively.
Wegmuller et ai, (1993) and Giesendorf et ah (1992) used direct PCR to detect 
Campylobacter species directly in chicken and dairy products. For the detection of 
Campylobacter in chicken products, Giesendorf used a short enrichment of 18 hours 
followed by DNA extraction by guanidinium thiocyanate and detection of PCR product 
by Southern blotting and DNA hybridisation to achieve a detection limit of 25 cfu g'  ^ in 
48 hours. MIPA coupled with enrichment, achieves a comparable sensivity within 30 
hours. It has the additional advantage of eliminating the manipulations required for 
DNA extraction and therefore reduces the risk of PCR contamination. Wegmuller, using 
a semi-nested primer direct PCR for the detection of C. jejuni and C. coli in raw milk 
and daily products, achieved a detection limit of 10 bacteria lOml'  ^ or g’* of product 
within 5 hours. However, nested PCR runs the risk of false positives caused by PCR 
product contamination and because it is a direct detection method, will detect non- 
viable Campylobacters.
The results indicate that MIPA offers a more robust alternative to conventional culture 
methods for detection of Campylobacters in a range of foods.
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Table 2.3 Sensitivity of detection of Campylobacter jejuni in milk and chicken using 
different periods of culture enrichment
Pre-enrichment (Hrs) Sensitivity of MIPA
CHICKEN 18 420 cfu g"'
24 42 cfu g '
36 4.2 cfu g"'
MILK 18 63 cfu ml"'
24 63 cfu ml '
36 6.3 cfu ml '
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Figure 2.12 Agarose gel electrophoresis of the PCR products for the MIPA of 
artificially contaminated milk Lane 1 contains 0X174RF marker. Lanes 2 through to 5 
contain MIPA results after 18 hours enrichment. Each broth contains an original 
inoculum of 6300 cfu ml'% 630 cfu m l'\ 63 cfu ml ' and 6.3 cfu ml ' Lanes 6 through to 
9 contain MIPA results after 24 hours enrichment with an original inoculum of 6300 cfu 
ml ', 630 cfu ml ', 63 cfu ml ' and 6.3 cfu ml ' and Lanes 10 through to 13 contain 
MIPA results after 36 hours enrichment with an original inoculum of 6300 cfu ml ', 630 
cfu ml ', 63 cfu ml ' and 6.3 cfu ml ' . Lane 14 contains the MIPA negative control
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Figure 2.13 Agarose gel electrophoresis of the PCR products for the MIPA of 
artificially contaminated chicken samples Lane 1 contains 0X174RF marker. Lanes 2 
through to Lane 5 contain MIPA results after 18 hours enrichment with an original 
inoculum of 4.2 x lO'^cfli g ' , 4.2 x 10' cfu g'% 4.2 x 10^  cfu g'% and 42 cfu g‘V Lanes 6 
through to Lane 9 contain MIPA results after 24 hours enrichment with an original 
inoculum of 4.2 x lO'* cfu g'%4.2 x 10' cfu g'% 4.2 x lO^cfu g ' and 42 cfu g ' and Lanes 
10 through to 13 contain MIPA results after 36 hours enrichment with an original 
inoculum of 4.2 x 10' cfu g'% 420 cfti g'% 42 cfu g'' and 4.2 cfu g '. Lane 14 contains 
the MIPA negative control
End o f  published data
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2.6 MIPA for the detection of “viable but non-cuiturabie 
Campylobacters”
Campylobacter species are rarely isolated from water-borne outbreaks because they are 
reported to become ‘Viable but non-culturable” (VBNC) and therefore epidemiological 
information concerning human cases of campylobacteriosis and the source of infection 
remain unclear.
DNA from these VBNC forms can be detected by PCR but PCR is not sensitive enough 
to detect low numbers of VBNCs in environmental samples. Hazeleger et al, 1994 used 
PCR to detect coccoid forms of C. jejuni in chicken products and found that the 
sensitivity of detection of the PCR varied depending on the temperature used to 
generate these coccoid forms. The detection limit for cocci formed at 4°C, 12°C and 
25°C was 4 X lO'' bacterial cells per ml and 4 x 10^  bacterial cells per ml for VBNCs 
formed at 37°C. Concentrating VBNC forms prior to PCR could increase the sensitivity 
of detection. We therefore investigated the applicability of MIPA for the capture and 
detection of VBNC C. jejuni.
2,6.1 Results
VBNC forms of C  jejuni were produced after five and a half weeks in nutrient 
depletion conditions (0.1 M PBS pH7.4) at 4° C (Figure 2.14).
MIPA was then applied for the detection of VBNC forms. Direct microscope counts of 
these VBNC forms showed that levels of 1.66 x 10^  cells ml"' could be detected by 
MIPA (Table 2.4). The detection limit of MIPA for culturable C jejuni was 4.1 x lO'' 
ml"'.
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Figure 2. 14 Production of “Viable but non-culturable” C.jejuni.
Table 2.4 MIPA for the detection of VBNC C.jejuni
MIPA result + 4- -
Direct microscope 
counts
1.66 X 10^  cells ml'* 1.66 X 10^  cells ml'^ 1.66 X 10^  cells mf^
+, positive PCR result and, - , negative PCR result
2.6.2 Discussion
MIPA relies heavily on enrichment to increase the sensitivity of detection, VBNCs 
cannot be cultured, so only large numbers of VBNC C.jejuni could be detected.
MIPA had a 1000-fold greater sensitivity for the detection of culturable Campylobacter 
than VBNC forms. This could be for a number of reasons, the MIPA may not have
64
Chapter 2 MIPA for the detection o f C. jejimi in foods
captured the VBNC bacteria as efficiently as culturable bacterial cells. This could be 
because of the change in shape of camplyobacters during their transition to coccoid 
forms in nutrient depletion conditions. Coccoid forms will have a reduced surface area 
for binding to the magnetic particles, compared to culturable cells. Another possibility is 
that coccoid forms are antigenically different to the culturable spiral forms to which the 
polyvalent antibody was originally directed. These differences may arise during possible 
changes in the chemistry of the lipopolysaccaride layer of the cell envelope experienced 
during stress. It could be that MIPA did capture the coccoid forms as efficiently as the 
culturable cells but the DNA released from the captured cells was not amplified as 
efficiently as culturable cells. Brauns et a l (1991) and Hazeleger et a l (1994) found 
that the DNA from VBNC bacteria was more difficult to amplify compared to their 
culturable counterparts.
It was concluded that the MIPA had limited use for the detection of VBNCs in the 
environment. Other techniques for concentrating VBNC C. jejimi prior to PCR such as 
filtration has more applicability and has been successfully used to concentrate culturable 
C.jejuni and C. coli from water (Oyofo and Rollins, 1993; Kirk and Rowe, 1994). The 
Campylobacter cells were filtered and the filters subjected to freeze-thaw lysis to release 
the bacterial DNA and the lysed cells subjected to PCR. (Oyofo and Rollins, 1993) 
could detect between 10 and 100 bacterial cells in 100 ml of water using PCR and DNA 
hybridisation. (Kirk and Rowe, 1994) could detect between 10 and 20 bacterial cells per 
ml using a semi-nested PCR.
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2.7 MIPA for the detection of CJeJunl In broiler flocks
The thermophilic Campylobacters C. jejimi and C  coli are carried by poultry but the 
source of infection and the mode of transmission within commercial flocks is unclear. 
Newly hatched chicks appear clear of Campylobacter but colonisation occurs at 
between 3-5 weeks of age (Annan-Prah and Jane, 1988; Engvall and Bergquist, 1986). 
Eggs from infected breeding flocks are free of Campylobacter which suggests that 
vertical transmission is unlikely (Shane et ai, 1986). The most likely source of 
contamination of broiler houses must be from the environment. Water may be a vehicle 
for transmission as shown by Pearson et al. (1993) and it can be reduced significantly by 
chlorination of the water supplies. Feed is an unlikely source because Campylobacter 
are very sensitive to drying unlike Salmonella. Other routes of transmission of 
Campylobacter to poultry could be via personnel, dogs, cats, flies and rodents. The 
prevalence of Campylobacter in UK broiler flocks is unclear because few studies have 
been done but at the onset of slaughter, 76% of samples fi*om broiler flocks from the 
South West of England were positive for Campylobacter (Humphrey et al, 1993). The 
incidence in other countries ranges from 85% in Canada, and 50% in Sweden to 12% in 
Switzerland (Shane et al, 1986; Hoop and Ehrsam, 1987; Engvall and Bergquist, 
1986).
2.7.f Resu/fs
MIPA was compared to conventional detection methodologies to investigate the 
incidence of C. jejuni and C  coli in broiler flocks and these results were then compared 
to conventional cultural methods. MIPA was applied directly to 48 hrs enrichment 
cultures of cloacal samples from 9 different farms when they arrived fi-om CVL. Before 
the MIPA was applied to all of the samples, it was necessary to determine the optimal 
volume of PCR template fi"om the captured and lysed C. jejimi fi-om the cloacal swabs 
in Exeter medium. Three samples were taken from farm A, samples 3, 7, and 11 and
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different volumes of lysed cloacal sample, 2 i^ il, 5 pi and 10 pi were added into the PCR 
reaction. As shown in Table 2.5, 10 pi of each sample gave optimal amplification of the 
template DNA. This volume was used for the remaining samples.
Table 2.5 Optimal volume of separated sample (cloacal swab in Exeter medium) added 
to PCR reaction. Samples are from farm A and samples 3,7, and 11 have been chosen 
from the 18 samples.
Cloacal sample No. Volume of lysed C jejuni MIPA (PCR product)
2 pi
Sample A 3 5 pi ±
10 pi +
2 pi ±
Sample A 7 5 pi ±
10 pi +
2 pi +
Sample A 11 5 pi +
10 pi ++
- ,  negative, ±, weak positive, +, positive, ++, strong positive.
As can be seen from Tables 2.6 and 2.7, from a total of 152 samples, 149 samples 
confirmed the results of cultural methods and only 3 positive samples confirmed by 
cultural methods were not detected by MIPA. Samples E 1-16 were environmental 
samples from the litter from the broiler house floor and were all negative. The other 
samples F-I 1-16 were cloacal swabs of broiler chickens taken at 28 days old and again 
were negative. Controls were used throughout this experiment; MIPA controls in which 
enrichment broth with no bacteria were separated and also non-campylobacters were
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separated and were all negative. PCR controls were also used where no DNA was 
added, they were all negative.
Table 2.6 Comparison of MIPA and conventional methods for the detection of C. 
jejimi in cloacal swabs from broiler chickens from farm A.
Sample No. MIPA (PCR result) Culture result
1 + +
2 ++ +
3 — +4« — —
5 — +
6 +
t — —
8 ++ +9 ± +10 + +11 + +12 ± +13
14»> - -
15"
16 + +17
18 ± ++ +
- , negative, ±, weak positive, +, positive, ++, strong positive.
^ negative control, original Exeter broth contained no bacteria. 
 ^ negative control, original Exeter broth contained Proteus spp.
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Table 2.7 Comparison of MIPA and conventional methods for the detection of C 
jejuni in cloacal swabs from broiler chickens (farms B-I), the litter from the broiler 
house floor (farm E) and chickens of 28 days old (farm F).
Sample No. MIPA (PCR result) Culture result (CVL)
Farm B (1-16)" all -t-ve all +ve
Farm C (1-16)" all +ve all +ve
Farm D (1-16)" all +ve all +ve
MIPA controls (1-7)* all -ve ND
Farm E (1-16)" all -ve all -ve
Farm F (1-16)" all -ve all -ve
Farm G (1-16)" all -ve all -ve
Farm H (1-16)" all -ve all -ve
Farm I (1-16)" all -ve all -ve
MIPA controls (1-5) * all -ve ND
blind controls^ all -ve all -ve
-ve, negative, +ve, positive and ND, not done.
^ there were 16 cloacal swabs per farm.
 ^negative controls cantained no bacteria in the enrichment broth before IMS.
blind negative controls were included containing Proteus spp, negative control 
containing no bacteria and two negatives containing a known negative farm from a 
previous study.
2.7.2 Dfscuss/Of?
MIPA as a rapid technique for the detection of C  jejuni or C  coli in broiler farms, had 
a sensitivity of 98 % sensitive compared with cultural methods.
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The reason that the three samples were not detected could be that the cloacal samples 
were incubated for 48 hours rather than the optimal enrichment time of 18 hours. After 
48 hours enrichment the samples contain large numbers of Campylobacter which when 
lysed release large amounts of DNA which can inhibit the PCR reaction. This problem 
can be overcome by analysing samples after 18 hours enrichment. The samples from the 
broiler house floor were all negative, which is not surprising because Campylobacter 
are extremely sensitive to desiccation. The negative samples from farms B-I were 
sampled again before slaughter at between 49 and 52 days old and were positive for C. 
jejuni (R. Ayling personal communication). (Humphrey et al, 1993) found that chicks 
became positive at approximately 3 weeks of age. The reason is unclear at present.
When MIPA was used for the detection of C. j e j u n i  in cloacal swabs from broiler 
chickens and environmental samples, the results were comparable to conventional 
cultural methods in terms of sensitivity.
2.8 MIPA for the detection of C Jejuni in poultry
Poultry slaughter is a rapid, highly automated process which offers many opportunities 
for cross-contamination of carcasses via equipment or scald tank water contaminated 
with gut contents containing large numbers of bacteria such as Campylobacter or 
Salmonella. After evisceration and washing, carcasses are chilled by immersion in 
water, blast chilling for birds that will be frozen and air chilling for birds to be sold 
fresh. A study was previously undertaken to determine if the contamination of chicken 
carcasses could be reduced by different processing techniques. The differences were 
quite dramatic with immersion chilling showing 60% contamination of carcasses and air 
chilling a contamination rate of 20% (Kalenic et al, 1988; Svedhem et al, 1981). The 
most effective strategy to prevent contamination of poultiy meat with Campylobacter 
would be to maintain Campylobacter-ïxQQ flocks, (van de Giessen et al, 1992) and
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(Humphrey et al, 1993) have shown that cleaning and disinfection of broiler houses and 
boot dipping are highly effective measures in preventing colonisation of poultry with 
Campylobacters
The purpose of this work was to evaluate the applicability of MIPA for the detection of 
contamination of retail chickens carcasses with C. jejuni.
2.8.1 Results
Ten g of skin from ten retail chicken legs were examined for the presence of C. jejuni 
using a pre-enrichment time of 18 hours in combination with MIPA. All 10 chicken 
samples were culture positive for C  jejuni after 2 days pre-enrichment and 2 days 
selective plating on Sldrrow’s medium. Latex agglutination was used for final 
confirmation of the presence of C. jejuni. MIPA was applied to the chicken samples 
using a 18, 24, and 36 pre-enrichment step. The results (Figure 2.8) demonstrate that all 
10 samples were positive for C  jejuni using MIPA. All MIPA and PCR controls were 
negative (data not shown).
Table 2,8 Minimum pre-enrichment time for naturally infected chicken skin.
Pre-enrichment (Hrs) MIPA (PCR result)
18 ±
24 +
36 ++
±, weak positive, +, positive, and ++, strong positive
71
Chapter 2 MIPA for the de tection o f C. jejuni in foods
2.8.2 Discussion
In earlier work by Fierens et ah (1993), he developed MIPA for the detection of 
Campylobacter in poultry products. The magnetic particles used were Dynabeads M- 
280 with sheep anti-rabbit IgG covalently bound to the surface. The particles were then 
coated with affinity purified goat anti-campylobacter antibodies. The primers for the 
PCR were based on 23S rRNA (Eyers et al, 1993) and were specific for the 
thermophilic Campylobacters C  jejuni, C. coli, C lari and C  upsaliensis. 
Immunomagnetic separation of pure cultures of Campylobacter gave recoveries 
ranging from 48%, 60% and 62% for bacterial concentrations of lO'^  cfu ml"% 10^  cfii 
ml'  ^ and 10^  cfu mf^ respectively. Fieren’s results for IMS in combination with PCR 
were not detailed but seemed to indicate that a clear signal was obtained with 10^  cells / 
10^  beads. It was not clear whether this result were fi'om pure cultures or from 
Campylobacter isolated from poultiy. Results were available within 24 hours but 
information was limited on MIPA’s applicability for the detection of Campylobacter in 
selective emichment broths such as Exeter or Preston. No results were given for the 
detection limit of the MIPA for Campylobacter in poultry.
Compared to the MIPA developed here, Fierens et a l (1993) recovery rates were 
higher than the 10-15% binding capacity we achieved. The PCR results cannot be 
compared because the data of Fierens was too vague.
MIPA was as sensitive as cultural methods for the detection of C  jejuni iC. coli in retail 
poultry. In contrast to cultural methods which can take 4 days, rapid detection of C  
jejuni /  C. coli in poultry was achieved using MIPA after 18 hours pre-enrichment with 
final confirmation available within 24 hours.
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2.9 General Conclusions
These results suggest that MIPA has considerable potential as an improved method for 
the identification of Campylobacter in food samples. The method is rapid, specific for 
the thermophilic Campylobacters and is relatively sensitive. The MIPA could be further 
improved in a number of ways.
The antibodies that were used throughout this work were bought commercially but 
generation of specific antibodies to different regions of surface components of 
Campylobacter may produce antibodies that are more specific and have a higher binding 
capacity.
The PCR primers could be changed to offer greater specificity. Primers based on the 
variable regions of the 23 S rRNA gene could be used because they are not only specific 
for the thermophilic group of Campylobacters but also for C. jejuni, C. coli, C. lari and 
C  upsaliensis individually (Eyers et al, 1993).
The MIPA could easily be adapted to give epidemiological information which is not 
possible with conventional methods. The PCR could be modified by using primers 
against conserved regions of the flaA  gene. Differences within this region could then be 
identified by digesting the PCR product with an appropriate enzyme and producing 
Restriction Fragment Length Polymorphism (RFLP) profiles. The internal region of the 
flaA  gene is extremely variable and can sufficiently discriminate between different 
strains of C jejuni. This level of discrimination allows the identification and typing of 
different strains of C  jejuni and the source of infection in a campylobacteriosis outbreak 
(Nachamkin a/., 1993).
The lack of sensitivity of MIPA for detecting VBNC Campylobacters in the environment 
seems to indicate that they are antigenically distinct in that they may express new 
surface antigens. This result highlights the question of the significance of the VBNC 
forms in the epidemiology of Campylobacter disease. The principal question is whether
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these VBNC forms actually represent a viable potentially infectious form of 
Campylobacter. The use of molecular techniques, including PCR and MIPA, does not 
address this question since they may detect DNA from non-viable forms. We therefore 
sought to address this question by measuring gene expression as described in the next 
section, Chapter 3.
74
Chapter 3 Construction o f recombinase promoter probe vector
Chapter 3.0 Construction of a recombinase promoter probe 
vector
3.1 Introduction
Not surprisingly, the problems of applying well defined genetical systems to 
Campylobacter have also affected the progress in monitoring and understanding gene 
expression. Very few promoter probe vectors have been constructed for 
Campylobacter. The vector pSP73 (Purdy and Park, 1993) which utilises the luxAB 
genes as a reporter system and the promoterless Chloramphenicol acetyltransferase 
(CAT) gene expression system have been used to detect gene expression in C  coli but 
not C jejuni (Aim et a l 1993).
We decided to evaluate the applicabilty of a site-specific recombination system derived 
from the bacteriophage PI for monitoring regulation of gene expression in 
Campylobacter.
The lysogenic PI bacteriophage naturally infects E. coli cells and incorporates its DNA 
into the bacterial genome using the site-specific recombination, loxP-cre system. The 
loxP-Cre system consists of two components. The 38kda ere (Causes recombination) 
recombinase of the X integrase family (Abremsld et a l, 1983) recognises the single 34 
bp loxP site (locus of crossing-over) within the phage genome with base pair precision 
and separates dimeric regions into monomers (Figure 3.1). This ere catalysed reaction 
can occur with supercoiled or linear DNA (Hoess and Abremsld 1983 and 1985).
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loxP
loxP
loxP
(oxP\
DNA dimers cre-mediated recombination DNA Monomers
Figure 3.1 Activity of PI site-specific recombinase system. The Cre protein resolves the 
plasmid dimers into monomers (Kilby et a l 1993).
During this recombination event, the orientation of the loxP sites are important. Direct 
repeats of loxP result in excision of the intervening DNA while inverted repeated 
specify inversion of this DNA (Sauer et a l 1987).
The loxP sites consist of two 13 bp inverted repeats separated by a 8 bp spacer region. 
This spacer sequence is not involved in binding but is the site where crossing-over takes 
place (Figure 3.2). Hoess and Abremsld. (1984) have shown previously that the Cre 
creates a 6 bp staggered cut within the loxP spacer region during recombination. Each 
loxP site consists of two 17 bp binding regions for Cre, each region comprises of one 13 
bp inverted repeat and 4 bp of the spacer region.
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Spacer loxP
ATAACTTCGTATA ATGTATGC TATACGAAGTTAT
Figure 3.2 Sequence and target binding of Cre to loxP sites (Kilby et a l 1993)
The cre-lox recombination system was originally developed by Sauer et a l  (1987) to 
manipulate DNA in eukaryotic systems. Westphal et a l (1992) used this system to 
generate transgenic mice containing foreign genes that could be switched on in vivo. 
Here he inserted a tumour causing oncogene into mice and coupled it to control 
sequences that would “turn on” the oncogene within the lens of the eye. Gu and 
Rajewsky (1993) used the same system to create “knockout” mice to determine how 
inportant the enzyme DNA polymerase (3 is in the development of T cells within the 
immune system. Witliin the mouse T cells, a loxP site was inserted on either side of the 
functional DNA polymerase P gene as well as the cre gene which would initiate 
recombination. Cre gene expression resulted in excision of the intervening polymerase P 
gene between the two loxP sites and deletion of that gene within normal mouse T cells. 
The Cre-loxP system offers tissue specific inactivation or activation of genes. The 
reason this system can be utilised in such a wide variety of applications is that host 
specific functions are not necessary.
The aim of this project was to develop the Cre~lox site-specific recombinase system to 
monitor regulation of gene expression in Campylobacter. It would also provide a 
technique for marking populations of cells using a change in antibiotic resistance as a 
representation of promoter activity. Initially the system would be used in E. coli to 
evaluate its applicability in detecting promoter activity in response to specific stimuli. E.
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coli and Campylobacter are essentially veiy different genetically and therefore the final 
construct would have to be adapted to function within Campylobacter spp. A 
Campylobacter origin of replication would have to be inserted as well as specific 
Campylobacter antibiotic resistance genes because E. coli genes would be non­
functional in Campylobacter. The Cre gene has been shown to function in both bacteria 
and eukaryotic cells and therefore should be functional in Campylobacter. The 
proposed recombinase vector pUS1933 would measure the regulation of gene 
expression by changes in antibiotic resistance. Figure 3.3a shows the recombinase 
vector before the recombination event. The plasmid would confer streptomycin (Sm) 
resistance and but not Kanamycin (KN) resistance to the bacterium harbouring this 
plasmid. This is because the promoter of the Kanamycin gene is interrupted by a 
streptomycin gene flanked by T4 terminators (Prenti and Kirsch, 1984) which stop 
transcription of the kanamycin gene. When screening bacterial DNA for promoter 
activity, a genomic library would be created, by inserting short pieces of DNA into the 
multiple cloning site of the pUS1933 potentially driving expression of cre. If there is no 
promoter activity, the bacterium would remain streptomycin resistant and kanamycin 
sensitive. However, if there are promoter sequences present within the cloned DNA, the 
cre gene would be expressed and bind to the lox sites to mediate recombination 
resulting in excision of the streptomycin gene. This results in the bacterium becoming 
streptomycin sensitive. The recombination event also removes the T4 terminator 
thereby allows expression of the kanamycin gene resulting in kanamycin resistance 
(Figure 3.3b).
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KN p+ Sm/Q KN MCS Cre
loxP loxP
Figure 3.3a The recombinase vector plox £2 Sm Q Kan Cre
KN P+
loxP
Figure 3.3b The recombinase vector plox Q Sm Q Kan Cre after recombination of the 
Cre protein in response to promoter activity.
Therefore, simply by selecting transformants on streptomycin or kanamycin plates, 
promoter activity can be detected. Responses to specific environmental stimuli could be 
also determined by selecting for the “switching on or off” of kanamycin or streptomycin 
resistance. The recombinase promoter probe vector may also be useful for the initial 
screening of promoter activity in a genomic library and another reporter system such as 
Lux or CAT could be used for quantifying the levels of promoter activity.
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3.2 Materials and Methods
3.2.1 Genera! reagents and buffers
Agarose gel loading buffer: 0.25% bromophenol blue, 15% ficoll in water 
50 X TAE: 242 g Tris base, 57.1 ml glacial acetic acid, 100 ml EDTA pH 8.0 
TE: 10 mM Tris/HCl pH 8.0, 1 mM EDTA pH 8.0
3.2.2 Preparation of plasmid DNÂ
Solution 1 : 50 mM glucose, 25 mM Tris/HCl pH 8.0, 10 mM EDTA 
Solution 2 : 0.2 M Na OH, 1% SDS
Solution 3 : 60 ml 5 M potassium acetate, 1.5 ml glacial acetic acid, 28.5 ml water
3.2.3 Antibiotics 
Ampicillin : 60 [,ig/ml 
Tetracycline : 10 (.ig/ml 
Streptomycin : 50 ng/ml 
Kanamycin : 50 |.Lg/ml
All antibiotics were obtained from Sigma.
3.2.4 Growth Media
Luria Broth (LB): 10 g tryptone, 5 g yeast extract, 10 g NaCl in 1 litre of water pH 7.0 
L-agar: LB containing 1.5% agar
SOB : 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, water to 950 ml, 10 ml 250 mM 
KCl, pH 7.0 and made up to 1 litre. After autoclaving 5 ml of 2 mM Mg CI2 was added.
SOC : SOB with 20 mM glucose.
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3.2.5 Genera! molecular biology techniques
1 X TAE buffer was used for agarose gel electrophoresis. Restriction enzymes were 
purchased from Boehringer Mannheim except Nde I (New England Biolabs). 200 ng ml' 
 ^ of plasmid DNA was digested in 20-200 pi volumes according to the instructions of 
the manufacturer.
3.2.6 Small scale preparation of plasmid DNA
This protocol was followed using the method of Birnboim and Doly (1979), although 
Wizard (Promega) purification systems were used occasionally.
3.2.7 Purification of DNA fragments from an agarose gel
The band was excised from the agarose gel and purified using PCR pure (Clontech), 
according to the manufacturers instructions.
3.2.8 Rapid lysis of bacterial colonies to determine plasmid size
A  bacterial colony was spotted onto the bottom of a 1.5 ml eppendorf and 30 pi of 50 
mM NaOH, 0.5% SDS, 5 mM EDTA pH 8.0 was added. This was incubated at 68°C 
for 45 minutes in water bath. 10 pi of loading buffer was added and the DNA separated 
by agarose gel electrophoresis.
3.2.9 Oligonucleotide synthesis and deprotection
Oligonucleotides were synthesised on an Applied Bio systems 381 A synthesiser.
The primers were deprotected from their columns using 1ml of 35% ammonia per 
column, the ammonia was stored at 4°C. A 5 ml syringe was added to one end of the 
column with no plunger and 1 ml of ammonia was added to the other end using another 
5 ml syringe. 0.2 ml of ammonia was added every 20 minutes and then the ammonia was 
flushed back and forward to ensure efficient removal of nucleotides. The eluate was
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incubated at 55°C overnight and then precipitated with two volumes of absolute ethanol 
and 0.9 volume of 5 M Sodium acetate. The primers were centrifuged at 13,000 revs 
min'  ^ at 4°C for 1 hour, the pellet dried and resuspended in 100 pi of reverse osmosis 
water. The optical density was determined at 260 nm, molecular weights were 
calculated and the concentration of each primer determined.
Table 3.1 Oligonucleotide primers used throughout this work
Primers Sequence References
flaA  -1 
flaA  -2 
Cre-l 
Cre-2 
LwxAB
5’ATTCGGATCCGGTATAAATTTAAAAAAA 3’ 
5’ATTCGGATCCAGCATCTAAACTTTTAGCA 3’ 
5’TGTCGAATTCACTGACCGTA 3’ 
5’TATCAACGAATTCTAGCAATCATATGCGGTTA 3 ’ 
5’CGCTCCCGGGCTGTCATACTCTTTTATACCC 3’
(Nuijten et a l, 
1990)
(Adams et a l,
1992)
(Park and Purdy,
1993)
3.2.10 Alkaline phoshatase treatment of vector DNA
Calf intestinal alkaline phoshatase was supplied by Boehringer Mannheim and New 
England Biolabs and was carried out according to the manufacturers instructions.
3.2.11 Filling of 3’ recessed termini and removal of protruding 3 ’ termini 
This was carried out as described in Maniatis et a l (1989).
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3.2.12 DMA Ugation
DNA ligations were performed using T4 ligase (Gibco BRL) according to the 
manufacturers instructions. Generally cohesive and blunt ended ligations were carried 
out in a volume 10-20 pi with 100 ng of dephosphorylated vector and an insert;vector 
ratio of 3:1. Cohesive end ligations were incubated at room temperature for 1 hour or at 
the same temperature as blunt end ligations, 14°C overnight. 1 pi of the ligation 
products were added to the competent cells during the transformation.
3.2.13 Preparation of competent DH5a E. coli 
Competent DH5a E.coli cells were already available for use in the lab.
3.2.14 Transformation of competent E. coii
20-100 pi of competent E.coli cells were defrosted slowly on ice. 10 ng of plasmid 
DNA was added to the cells and incubated on ice for 30 minutes, heat shocked at 42°C 
for 45 seconds, and then returned to ice for a further 2 min. 80 pi of SOC was added 
and the cells incubated at 37°C for 1 hour and plated onto L-agar containing the 
appropriate antibiotics.
3.3 Results
There were four main plasmids used in the construction of the recombinase promoter 
probe vector pUS1933; p91oxloxcm (obtained from C. Boyd, MRC Human Genetics 
Unit, Edinburgh) is a 5.016 Kbp pUC9 based plasmid which contains the PI 
bacteriophage loxP sites. pRH200 which is a 4.344 Kbp pUC19 based plasmid which 
contains the Cre gene (also obtained from C. Boyd). pED?45n (Prenti and Krisch 1984) 
is a 4.3 Kbp pBR322 based plasmid which contains the T4 transcription terminator
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signals and pUS900 (Dellagostin 1994) is a 3.926 Kbp pUC19 based plasmid with a 
1.282 Kbp kanamycin cassette inserted into the Pst I  site.
Figure 3.5 shows schematically the proposed constmction of the pUS1933 recombinase 
vector. The p91oxloxcm plasmid was cut with Sma I  which generated two fragments of
3.1 Kbp and a 1.9Kbp. The 3.1 Kbp blunt ended fragment was extracted from the 
agarose gel using the Clonetech PCR pure kit. pHP45Q was cut with Hind III which 
generated a 2.014 Kbp sticlcy ended fragment which was filled in using Klenow to give 
compatible blunt ended fragments. These fragments were then ligated together to 
generate the 5.114 Kbp plasmid pUS1930. The orientation of the terminator (Q) insert 
was not important because of the symmetrical nature of the inverted repeats carrying 
the T4 transcriptional-termination signals. However it was decided to check the 
orientation of the Q. insert so that further cloning steps can be orientated correctly. 
Cutting the plasmid pUS1930 with Pvu I  resulted in fragments of 2.720 and 2.394 Kbp 
indicating that the insert was orientated as shown in Figure 3.5.
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Figure 3.5 Constmction of the recombinase vector pUS1933
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pUS900 was then cut with Xho /, this separated the region of the kanamycin gene 
containing the start codon, the ribosome binding site (RBS) and the promoter region 
from the remaining coding region of the kanamycin gene (Figure 3.6).
3 0 1  TGATGTTACA TTGCACAAGA TAAAAATATA TCATCATGAA CAATAAAACT  
-35
3 5 1  GTCTGCTTAC ATAAACAGT A  ATACAAGGGG TGTTATG AGC CATATTCAAC
- 10 RBS Start
4 0 1  GGGAAACGTC TTG CTCGAGG CCGCGATTAA ATTCCAACAT GGATGCTGAT
Xho I
Figure 3.6 Sequence data for the start of the coding region of the kanamycin cassette in 
plasmid pUS900.
The plasmid pUS1930 was cut with Hind III to remove the 2 Kbp region containing the 
loxP sites and the T4 terminator and the sticky ends were then filled in using Klenow. 
This blunt ended fragment was then cloned into the Xho I  site of the pUS900 plasmid to 
generate pUS1932. This plasmid contains the kanamycin cassette separated by the T4 
terminator and loxP sites and was expected to be and found to be kanamycin sensitive. 
The plasmid was cut with Pst I  to check the orientation, the fragments generated were 
2.686 Kbp 2.1 Kbp and 1.1 Kbp (Figure 3.7) confirming the orientation as shown in 
Figure 3.5.
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Figure 3.7 pUS1932 cut with PstI to check orientation of the 2Kbp blunt ended 
fragment. Lane 1; 1 Kbp ladder; Lane 2; uncut pUS1932, Lane 3; pUS1932 cut with 
PstI.
The next stage in the cloning strategy involved cloning the cre gene into pUC18 to 
generate the plasmid pUS1931. As shown in Figure 3.8, the cre gene was present in the 
pRH200 plasmid. It was difficult to remove the cre gene with an intact coding region, it 
was therefore decided to use PCR to amplify the cre gene from the plasmid pRH200. 
An added advantage of using PCR to generate the cre gene was that the primers could 
be manipulated to include EcoRl sites which could be used to clone the PCR fragment 
into the EcoRl site of pUC18. As shown in Figure 3.8, an Nde I site was also 
incorporated into the cre gene so that the cre gene could be cut from the pUC 18 using 
Nde I to include part of the multiple cloning site (MCS). pUC18 was used rather than 
pUC19 because the MCS in the pUC19 was not in the correct orientation to include the 
essential cloning sites. The orientation of pUS1931 was checked by cutting with Nde I 
and resulted in 1.319 and 2.420 Kbp fragments, (Figure 3.9). This indicates that the 
insert was orientated as shown in Figure 3 . 8 .
87
Chapter 3 Construction o f recombinase promoter probe vector
Eco RI
Nde!
Ami
Cla
-C re 
Bam HIpRH200  4344 bpM13 orT
pT7
OR I
PCR using cre primers
P(BLA)
Eco R
Ap
Eco RI \____
Nde.Eco RI
Cre 
1053 bp
Eco RI PCR fragm ent
P Lac ,N d e I
Eco RI
Ndel 
Eco RI 
Pvu II
Figure 3.8 Construction of pUS1931 containing the cre gene and MCS
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Figure 3.9 pUS1931 cut with Ndel to check the orientation of cre gene. Lane 1: 1 Kbp 
Ladder, lane 2; uncut pUS1931, lane 3 pUS1931 cut W\i\\Ndel.
The final cloning step involved cutting the plasmid pUS1931 with Nde I  to remove the 
cre gene and part of the MCS containing the Kpn I  and Sac 1 sites which were essential 
sites for cloning promoters into the final recombinase vector pUS1932 was also cut 
with Nde I and both plasmids were ligated together to form the final pUS1933 plasmid. 
The orientation of the insert containing the cre gene and the MCS was not important 
because promoter regions will be inserted into the MCS to drive expression of the Cre 
gene, this can occur in either direction. The final construct was cut with Nde I  to check 
that the cre was present, this resulted in fragments of 4.3 and 1.319 Kbp (Figure 3.10). 
This indicated that the cre gene was present within the construct but 1.7 Kbp shorter 
than the expected size of pUS1933. Cutting with Pst I gave fragment sizes of 4.4 and
1.2 Kbp (see Figure 3.10). The fact that this construct only cuts twice with Pst I 
indicates that one Pst 1 site has been lost. Transformants containing the final construct 
pUS1933 were streptomycin sensitive and kanamycin sensitive which indicates that the 
streptomycin gene could either be present but non-functional or completely missing. 
Figure 3.11 shows the comparison of the final construct pUS1933 to the proposed 
recombinase vector ploxQSmQKanCre. It shows that there is a Pst I site missing and 
that the final construct is 1.7 Kbp shorter than expected. The fact that the streptomycin
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resistance gene is carried on a 1.7 Kbp fragment and this corresponds to the size of 
DNA, seems to indicate that the streptomycin gene is missing in the final construct. 
However sequencing would be the only definitive technique for confirming this.
1 2  3 4
Figure 3.10 The final construct pUS1933 cut with Pst I  and Ndel to determine the 
orientation. Lane 1; 1 Kbp Ladder, lane 2: uncut pUS1933, lane 3; pUS1933 cut with 
Pst /; Lane 4; pUS1933 cut with Ndel
N de I
C re
P s t I  .
K N ^  ox P 1 2 4 0  bp N de
N de I^ T  pU S 1933  
5607  bp
N de
loxQSmQKanCrâ SfTV Q  
A trU  7307  bp
N P st I
1852 bp
1088 bp
Figure 3.11 Comparison of nioxQSmQKanCre to final construct.
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3.4 Discussion
The loss of l.TKbp of plasmid DNA indicates that recombination had probably taken 
place between the lox sites of the construct resulting in loss of l.TKbp of intervening 
sequence containing the streptomycin gene (Figure 3.11). This would explain the loss of 
the Pst I  site and the absence of the streptomycin resistence gene from pUS1933. This 
event could have been generated by promoter sequences created during the cloning 
process which could induce expression of the Cre recombinase leading to the site- 
specific recombination between the two lox sites. This recombination may have also 
occurred due to host recombination functions but seems less likely since the preceding 
loxQSmOlox plasmid (pUS1932) was stable in the same host cells. The lox 
recombination took place only after cloning of the ct^ e gene, suggesting Cre 
recombinase was involved. However, recombination between the lox sites should have 
resulted in restoration of kanamycin resistance, yet cells containing pUS1933 were 
kanamycin sensitive. This suggests that the kanamycin gene is non-functional, a frame- 
shift may have occured after the Xho I  site during the cloning steps, changing the open- 
reading frame, resulting in lack of transcription of the kanamycin gene. This needs to be 
investigated by DNA sequencing.
To overcome the expression of Cre recombinase as a result of promoter activity within 
the construct a T4 terminator could be inserted in front of the cre gene to terminate 
transcription from any upstream promoters. Another option would be to use a low copy 
number vector which would reduce the level of Cre expression in the final cells.
Sequencing the final construct pUS1933 is necessary to determine if the Cre 
recombinase is responsible for loss of the streptomycin gene and also to determine why 
the kanamycin gene was non-functional, if these problems could be overcome, this 
recombinase vector has potential as useful promoter probe vector for measuring
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regulation of gene expression or in the rapid screening of genomic libraries for specific 
promoter activity in response to specific stimuli.
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Chapter 4.0 Detection of regulation of gene expression of 
C. jejuni during stress conditions
4.1 Aims
Previous work in Chapter 2 where we attempted to capture VBNC forms using MEPA 
with limited success, led us to postulate whether these VBNC forms are genetically 
distinct from their culturable counterparts with the potential to cause disease. The aim 
of this chapter is to elucidate further the question of viability of C  jejuni during the 
transition into the non-culturable state. This will be achieved at a molecular level where 
promoter activity will be monitored as a representation of viability of the bacterial cell 
during stress conditions. The promoter activity will be measured using the promoter 
probe vector pSP73 (Purdy and Park 1993). There is an extended materials and 
methods section at the back because the methods were shortened for publication. This 
work has been submitted for publication.
4.2 Summary
Stress conditions have been claimed to induce a transformation of C. jejuni into a non- 
culturable form (NCF) which is in a distinct ‘Viable but non-culturable” (VBNC) state. 
In order to investigate the genetic regulation during the production of putative VBNC 
forms, we monitored gene expression during the conversion of C  jejuni into the non- 
culturable state using a promoter-probe vector (Purdy and Park et al, 1993) in which a 
promoterless copy of the hixPsB genes was placed under the control of promoter 
regions of the C. jejuni flciA gene. Transformed C. jejuni was incubated under standard 
growth conditions and under stress conditions to induce transition to NCFs. Promoter 
activity, plate counts and direct microscope counts were simultaneously monitored. A 
large increase in lux gene expression was induced by stress conditions used to produce
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the C  jejuni NCFs indicating that the change involves specific gene regulatory events in 
response to environmental stress. We found that the same gene regulation could not be 
induced in cells already in the NCF form. This could indicate that the NCF forms are 
functionally non-viable.
4.3 Introduction
It has been shown that stressful conditions can induce a transformation of C jejuni 
fi-om a spiral to a coccoid morphology (Moran and Upton 1987), a loss of motility 
(Moran and Upton 1986) and bacterial cells that cannot be cultured using standard 
techniques (Rollins and Colwell 1986). It has been suggested that this represents a 
specific change towards a distinct "viable but non-culturable" (VBNC) physiological 
state and is a mechanism for sui*vival in unfavourable growth conditions (Rollins and 
Colwell a/., 1986).
However, the significance of these VBNC forms in the transmission of disease remains 
controversial. There are two main interpretations of the VBNC concept; firstly that C  
jejuni may remain metabolically active and capable of reversion to a culturable state 
under optimal growth conditions. Pearson et a l (1993) and Stern et a l (1994) have 
reported colonisation of broiler chickens by VBNC forms and Jones et a l (1991) and 
Saha, (1991), recovery of culturable Campylobacters fi'om rats and mice fed VBNC 
cells. The second interpretation is that they are degenerate forms that are irreversibly 
non-culturable and are essentially dead. Fearnley et a l (1995), Medema et a l (1992) 
and Beumer et a l (1992) reported failure of these VBNC forms to colonise one day old 
chicks, mice and human volunteers respectively. Boucher et a l (1995) demonstrated 
cellular respiration in coccoid cells but this declined in unfavourable conditions and it 
was concluded that they were degenerative rather than dormant forms. Numerous
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techniques have been employed to determine if these VBNC forms are viable but with 
inconclusive results (Kogure et al, 1979, S eider et al, 1991, and Thom et al, 1993).
Our aim was to attempt to determine which of these hypotheses is correct by 
investigating gene expression during the conversion of C. jejuni into the non-culturable 
state. If these non-culturable forms (NCFs) represent a distinct VBNC stage in the 
Campylobacter life-cycle then induction of this non-culturable state would be expected 
to be associated with specific gene regulatory events. In an attempt to distinguish 
between VBNC forms and dead cells we investigated whether NCFs retain the ability to 
alter gene regulation in response to environmental signals. Dead cells would not be 
expected to be capable of altering gene regulation in response to specific environmental 
stimuli. To investigate C. jejuni gene expression, the promoter-probe vector pSP73 
(Purdy and Park et al, 1993) was used. This plasmid contains the promoterless /wxAB 
genes which induce light emission as a reporter of gene expression. As a test promoter,
28the upstream region of the flaK  gene which contains a  consensus promoter-like
28sequences was used to drive luxAB gene expression. This o promoter-like sequence
has been shown to be an effective transcriptional activator and was used to initiate 
expression of the luxAB genes (Nuijten et al, 1990). Transformed C. jejuni was 
incubated under standard growth conditions and under stress conditions that induced 
transition to NCFs. Promoter activity, plate counts and direct microscope counts were 
simultaneously monitored.
4.4 Materials and Methods
4.4.1 Bacteria and growth conditions
Cjejuni 480 was used for this work ( obtained from A.van Vliet).
C. jejuni cultures transformed with pSP73 and pUS1899 were grown on BHI/1% YE 
agar plates containing 5 pg/ml tetracycline under microaerophilic conditions (5% O2 ,
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10% CO2 and 85% N2). For standard growth of C. jejuni, the cells were grown in a 
static tightly capped 250 ml duran bottle which contained 100 ml of BHI/1% YE broth 
and 5 pg/ml of tetracycline (1 ml of a 10® cfu/ml broth culture was the inoculum). The 
cells were then incubated in a 37°C water bath in air.
For transformation of C. jejuni into NCFs, 48 hour cultures of C. jejuni were then 
stressed by loosening the caps and shaldng the bottles in air at 150 revs min’^  at 25°C 
for 4-5 days. For anaerobic broth cultures, the 250 ml durans with loose lids were 
placed in anaerobic gas jars with an anaerobic gas pak (Oxoid). Plate counts were used 
to monitor the generation of non-culturable C. jejuni.
4.4.2 DNA manipulations
Chromosomal DNA was extracted from C. jejuni 480 grown on BHI/1% YE agar 
containing 1.5% agarose (Boehringer Mannheim) instead of bacteriological agar. 
Growth from 3 plates was removed with a sterile swab and resuspended in 0.1 M PBS. 
The chromosomal DNA was extracted by standard procedures (Marmur, 1961).
The plasmid DNA was extracted by alkaline lysis (Birnboim and Doly 1979)) with an 
added ammonium precipitation step at the end for plasmid DNA used for 
electroporation. 0.8 volume of 5 M ammonium acetate was added to 50 pi of plasmid 
DNA.
The 124 bp PCR product containing the promoter region of flaA  was generated using 
the primers (including underlined BamHI sites); flaA 1: 5’-
ATTCGGATCCGGT AT AAATTTTT AAAAAAA-3 ' and flaA 2 : 5 ' -  
ATTCGGATCCAGCATCTAAACTTTAGCA- 3’ designed by Purdy and Park (1993) 
and PCR amplified using the same conditions.
p u s  1899 was constructed by cutting the flaA  PCR product with BamHI (Boehringer 
Mannheim) and ligating (BRL) it into the phosphatased pSP73 vector also cut with
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BamHI. This ligation was then transformed into DH5a E.coli and transformants grown 
on L-B plates containing 10 pg/ml of tetracycline.
Competent C  jejuni cells were prepared according to the procedure of Wassenaar et 
al. (1993) and 50 pi of competent C. jejuni cells transformed with 1 pg of ammonium 
acetate precipitated pSP73 and pUS1899 DNA as described by Miller et al. (1988).
4.4.3 Direct microscope counts using the fiuorescence microscope.
Total bacterial numbers were determined by the direct viable count (DVC) technique of 
Kogure et al. (1979). Membrane filtration used the procedures of Boucher et al. 
(1994).
4.4.4 The iuciferase assay
One ml of the bacterial culture was added to a 1.5 ml eppendorf and centrifuged at 
13000 revs min'  ^ at room temperature for 5 minutes. The pellet was resuspended gently 
in fresh BHI/1% YE broth and pipetted into a 2 ml cuvette (Lumac). 1 pi of the 
aldehyde decanal (Sigma) was added and gently mixed by hand (all manipulations were 
done in the fume hood). The relative light output was measured using a luminometer 
(Lumac M-280). It was set as a light box with a 10 second integration time. The sample 
was read immediately because the relative light output decreases rapidly over the first 
few minutes. All assays were performed in triplicate.
4.4.5 Transmission electron microscopy (TEM) of stressed C. jejuni cells
The bacterial samples were metal shadowed by coating the grids with gold and 
palladium . They were observed using a TEM 400T (Phillips) electron microscope.
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4.5 Results
The Campylobacter shuttle promoter-probe vector pSP73 was utilised. It contains both 
an E. coli and a Campylobacter origin of replication and a promoterless copy of the 
liixAB genes from Xenorhabdus luminescens (Szittner et al, 1990).
The promoter region of the A from C. jejuni was PCR amplified and inserted into 
pSP73 to generate pUS1899 (Figure 4.1a). The litxAB genes in pUS1899 were thereby
placed under the control of the fla  A promoter which contains the -10 and -35
28consensus sequences for a  promoters (Figure 4.1b).
98
Chapter 4 Regulation o f gene expression during stress conditions
BamHI BamHI
flaA PCR product 
124bp
a.
C.cotion
cut with BamHI
pSP73 TL1 
15Kbp h
PUS1899 TL1 
15124bp ^
E. coli ori' PstI lux B.PstI lux B
Eco RI”E c o  RI lux Alux A
tetO' .ffa A  promotertetO” EcoRIBamHl
BamHI ^S m a 11-------------r  prom oter
EcoRI I "T -------
I IAATTCCCGGGGATCCGGTATAAATTTTTAAAAAAAAGTAACGATATAGCATTTAACAAGC
TCATGATGAGTTTGAAATTATTTAAAAGGATTTAAAATGGGATTTCGTATTAACACAAATGT
K B3 start
b.
BamHI
1 ITGCAGCATTGAATGCAAAAGCAAACTCTGATCTTAATGCTAAAAGTTTAGATGCTGGATCC 
S D  luxA la,,
TGATTGATTAAAGGAGGATCGATCCATG 
1 2  3
stop  co d o n s
Figure 4.1a Construction of pUS1899 fi'om pSP73 (Purdy and Park 1993) containing 
28the G promoter-like sequence of flaA. pSP73 was cut with BamHI and the 124 bp 
flaA  PCR product cloned upstream of the promoterless luxAB genes. Also included was 
the % TL transcriptional terminator downstream of the luxAB genes.
Figure 4.1b. The flaA  region contains the -35 and -10 promoter sequences, the 
ribosome binding site (RBS) and the start codon for the luxAB genes. Included in the 
pSP73 construct upstream of the luxA gene are 3 stop codons in three reading frames 
and the Shine-Dalgarno (SD) sequence.
C. jejuni cells transformed with pSP73 (promoterless vector) and pUS1899 (vector 
with the flaA promoter) were grown up optimally and then stressed by aeration. The
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cultures were then monitored by plate counts, direct microscope counts and 
luminescence
Light output from C  jejuni transformed with both vectors was monitored during 
optimal growth conditions at 37°C, this was compared to plate counts and microscope 
counts as illustrated in Figure 4.2. For pUS1899, between 5 and 30 hrs, the % Iuciferase 
activity increased from 5% to 85%, a 17-fold increase in activity. During tliis time, there 
was also an increase in cell numbers from logio 6.7 to logio 8.7. If the increase in light 
output was simply the result of increased numbers of cells, then you would expect an 
equivalent 100-fold increase in Iuciferase activity. However as cell numbers increases, 
the turbidity of the broth increases, thus causing quenching and reducing the light 
output. Therefore these results are consistent with increased light output being due to 
increased cell numbers.
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Figure 4.2 Comparison of plate counts(^), microscope counts (*), and light output 
( ♦ )  of C. jejuni transformed with the plasmid pUS1899(—) and pSP73(—) during 
growth at 37°C. X= Standard error of the mean (SEM) of duplicate samples.
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The light output from C  jejuni cells transformed with pSP73 and pUS1899 (pSP73 
vector with flaA promoter) during stress conditions and during the transition of 
culturable forms to VBNC cells was then investigated. C. jejuni transformed with 
p u s  1899 was grown at 37°C under optimal growth conditions for 48 hours and were 
then stressed by shaldng the flasks aerobically at 25°C. Shaking aerobically has 
previously been demonstrated to produce putative VBNC forms (Karmali et al, 1981, 
Rollins et al, 1983 and Moran and Upton 1986). Figure 4,3 illustrates the light output 
from C. jejuni during stressful conditions and during the transition to the VBNC stage. 
A marked increase in light output was detected within six hours of the start of shaking. 
This was not accompanied by any change in plate counts or microscope counts (Figure 
4.3) and seems to be a response of the whole cell population to stress conditions. This 
indicated, that the flaA  promoter was up-regulated by the stress conditions that induce 
the VBNC state. The six hour lag from initiation of shaking before the peak in light 
output, indicated that it was unlikely to be caused by increased aeration having a direct 
effect on the Iuciferase reaction. Rapid aeration of bacterial cells by vortexing failed to 
produce a similar effect on lux activity.
Figure 4.3 also shows that in aerobically shaken cells there is a decrease in light output 
concurrent with decrease in plate counts. To confirm that this decrease in light output 
was due to a decrease in gene expression and not because the C  jejuni cells were 
losing the plasmids pSP73 and pUS1899, the stability of the plasmids was determined 
by plating the stressed cells onto BHI/1% YE plates with and without tetracycline. 
Plasmid stability was monitored over the four days shaldng and the results were 
consistent with all of the bacterial population containing the plasmids pSP73 and 
pUS1899.
Transmission electron microscopy was used to determine if the increase in light output 
was in response to loss or damage of flagella or phase-variation during shaking.
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Samples were taken before shaking and after 1-4 days shaking for aerobic static, aerobic 
shaking, anaerobic static and anaerobic shaking cells respectively. The proportion of the 
flagellated C. jejuni cells remained the same during static and shaking conditions. The 
flagella seemed to be intact even after 4 days shaking.
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Figure 4.3 Comparison of plate counts(A), microscope counts (S) and light output 
( ♦ )  of C  jejuni in response to static (—) and shaldng (—) aerobic conditions. X= 
Standard error of the mean (SEM) of duplicate samples.
To determine whether the shaking-induced increase in light output was dependent on de 
novo protein synthesis, chloramphenicol was added to the bacterial cultures as an 
inhibitor of protein synthesis. The minimum inhibitory concentration (MIC) of 
chloramphenicol was determined as 2.5pg/ml, and this concentration was added 
immediately preceding the initiation of aerobic shaking. Figure 4.4 shows that the 
increase in light output following induction of shaldng, was markedly reduced in the 
chloramphenicol treated cells indicating that de novo protein synthesis was necessary for 
the induction.
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Figure 4.4 Effects of Chloramphenicol (CAP at 2.5 ng/ml) on light output of treated 
(—) and untreated (—) C. jejuni cells transformed with pUS1899 (A) and shaken at 
25 °C. X= Standard error of the mean (SEM) of duplicate samples
To investigate whether other forms of stress would cause a similar increase in light 
output, C  jejuni was exposed to aerobic and anaerobic shaking, high salt (1%), acidic 
conditions (pH 4), optimal growth conditions (42°C), ambient (25°C), and chill 
temperatures (4°C) and nutrient depletion (O.IM PBS pH 7.4 at 4°C). Surprisingly, 
shaking the flasks in an anaerobic atmosphere produced a similar increase in light output 
to the aerobically-shaken cultures but the increase was sustained over the course of the 
experiment. The other stresses produced no detectable increase in light output.(Figure 
4.5).
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Figure 4.5 Light output of C. jejuni transformed with the plasmid pUS1899 under 
stress conditions; Aerobic shaking anaerobic shaking ( ♦ )  1% NaCl
HCl pH 4 (■), 42°C (♦), 4°C (x), ambient temperature (#) and starvation conditions ( 
O.IM PBS 4°C, (—■—) %= Standard error of the mean (SEM) of duplicate samples.
To investigate further whether the increase in light output was due to the direct effect of 
shaking the cultures or indirectly, due to the aeration caused by shaking, cells were 
exposed to an aerobic and an anaerobic atmosphere either shaken or kept static. Figure 
4.6 illustrates that there was an increase in light output only when the cultures were 
shaken and this increase in light output occurred both in an aerobic and an anaerobic 
atmosphere. However the increase in light output in the anaerobic atmosphere was 
significantly greater, and was sustained for a longer period, even when the light output 
from the aerobically shaken cultures had fallen to background levels. Therefore shaldng 
the cultures seems to be the stimulus to induce the increase in light ouput. Shaking in an 
aerobic atmosphere renders the cells non-culturable and hence there is a decrease in 
light output concurrent with a decrease in plate counts. The increased light output 
during anaerobic shaking was not associated with an increase in microscope counts as
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indicated in Figure 4.7 which indicates that the increased light output was as a result of 
up-regulation of the flaA promoter.
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Figure 4.6 Light output of C  jejuni transformed with the plasmid pUS1899 in static 
(A) and shaken cultures (■) under aerobic (—) and anaerobic conditions (—) at 25°C. 
]Z= Standard error of the mean (SEM) of duplicate samples
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Figure 4.7 Plate counts (—) and microscope counts (—) of C  jejuni transformed with 
the plasmid pUS1899 in aerobic static (A), aerobic shaking (■), anaerobic static 
(~x—), and anaerobic shaldng (®) stress conditions. X= Standard error of the mean 
(SEM) of duplicate samples.
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Our results indicated that, as expected, shaking the cells in aerobic conditions generated 
NCFs of C. jejuni. However, Figure 4.7 also illustrates that C. jejuni exposed to static 
aerobic conditions also produces NCFs at a similar rate. This could be a combination of 
the decline of cell numbers expected in stationary phase cells and the exposure of a 
thermophilic organism to 25 °C, a temperature which it cannot grow. To investigate 
whether these NCFs were VBNC forms or dead cells, we examined whether the NCFs 
retained the ability to alter gene regulation in response to environmental signals. This 
was achieved by stressing C. jejuni to produce NCFs and then leaving the culture static 
for 48 hours and then resuming shaking after this rest period. Resumption of shaldng 
after a 48 hour ‘rest period’ did not produce any changes in light output although the 
microscope counts indicate that the total number of bacterial cells per ml remained 
constant (Figure 4.8).
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Figure 4.8 Comparison of plate counts (A), microscope counts (ffl) and light output 
(♦ ) of C. jejuni during the transformation to NCFs.
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4.6 Discussion
The increase in promoter activity during stress conditions, clearly demonstrates an up-
28regulation of the flaA o promoter in response to aerobic and anaerobic shaking stress 
conditions.
The flagellar filament of C. jejuni is encoded by two homologous genes flaA and flaB
which lie in a tandem orientation and are transcribed from their own independent
28 54promoters. The flaA gene by a o promoter m àflaB  by a a  promoter.
Nuijten et a l {1990) were the first to suggest that C. jejuni contains a o homolog
which may function as an alternative sigma factor which controls transcription initiation
of the flaA gene in C  jejuni. There are also a number of other bacterial species with 
28a  consensus sequences before the flagellin genes, these include: B. subtilis, S.
typhimurium, Serratia marcescens 274, Rhizobium meliloti. Pseudomonas aeruginosa 
PAK, Spirochaeta aurantia. Treponema pallidum subsp. pallidum and C  jejuni and C. 
co//VC167.
The activation that we found of the flaA  promoter was in response to agitation rather
than specifically to an aerobic or anaerobic environment because bacterial cultures held
stationary under these atmospheres demonstrated no increase in promoter activity. The
higher promoter activity in anaerobic conditions could be because Campylobacter are
less stressed under these conditions and are thereby able to respond more strongly to
the stimulus. Aerobic conditions may reduce the up-regulation of the flaA promoter
because the cells are stressed and becoming NCFs. Tliis loss of culturabilty during
aerobic shaking was also associated with a decline in light ouput. To determine if the
28agitation may have caused shearing of the flagella and initiated increased a  promoter 
activity, the C  jejuni cells were visualised under the electron microscope. Hughes et al
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(1993) have shown that S. typhimurium can respond to stmctural changes in their 
flagella caused by shearing forces by regulating the expression of genes involved in 
flagellar assembly. This group demonstrated that the FlgM protein from S. typhimurium 
can “sense” whether the flagellar hook-basal body structure has been damaged. During 
optimal conditions, where there is a fully functional hook-basal body structure, the anti­
sigma factor FlgM accumulates and prevents transcription of the FliA gene which
28encodes the alternative sigma factor a  . How FlgM prevents transcription of the FliA
28gene is not known but is thought to involve binding to the <3 sigma factor. If the
flagellar hook-basal body structure has been damaged by shearing forces, FlgM is 
exported along the flagellar filament to the outside of the cell, allowing transcription of 
FliA gene. This ability to respond rapidly to shearing forces, allows the bacterial cell to 
restore motility by creating a full-length flagellum, thus providing a definitive survival 
advantage. We found no evidence for shearing or loss of flagella during agitation 
indicating that this up-regulation of the flaA  promoter was not in response to shearing 
of the flagella. However it could be that C. jejuni has a FlgM homologue that responds 
to agitation rather than shearing forces capable of breaking the flagella at the basal 
body.
Miller et a l (1993) have identified the gene fib  A in C. jejuni which may possibly play a 
role in the regulation of flagellin expression. This gene is a member of the recently 
discovered IcrD/FlbF family of proteins involved in the secretion and regulation of 
virulence associated proteins. Type III secretory systems allow bacteria to export 
virulence factors to a specific site within the host and occur in pathogenic organisms 
such as Yersinia pestis and Shigella flexerni (Russel et al, 1994). Type III secretion 
systems have been shown to regulate the expression of functional flagella in S, 
typhimurium, type III secretion systems could be involved in the regulation and 
assembly of C  jejuni flagella.
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Although agitation seems a likely stimulus for the up-regulation of flaA , the stimulus 
could be a combination of environmental factors. This ambiguity to which specific signal 
the flaA promoter is responding during stress conditions is not unusual, there are many 
regulatory systems where the environmental stimuli which control the expression of 
specific virulence factors have not been identified. An example is the flagellum and pilus 
genes of Pseudomonas aeruginosa. These genes are controlled by rpoN which encodes 
for an alternative sigma factor involved in nitrogen metabolism but nitrogen does not 
seem to be involved in the regulation of flagellum or pilus expression (Mekalanos 
1992).
Wassenaar et a l (1993) have shown that flagellin gene expression in C. jejuni is 
differentially regulated so that only one gene is transcribed at any one time. They have 
also demonstrated that optimal growth conditions induce flaA  expression but represses 
flaB  expression. This switch in gene expression from flaA to flaB  could be a survival 
mechanism allowing C. jejuni to respond to changes in environmental conditions.
The decline in flaA promoter activity that we found after the initial up-regulation could 
be the result of a switch in gene expression from flaA to flaB. This presumably would 
give rise to flagella composed of predominately flaA or flaB flagellin which may have 
their own role to play under specific environmental conditions.
28The finding of a up-regulation of the a  promoter during stress conditions which
induced the formation of putative VBNC forms may reflect a genetic control over the 
specific transformation to the VBNC state but this response decreases rapidly as the 
cells become non-culturable which would seem to indicate that the cells are
28degenerating. It could also be that a  promoter activity is not a good representation of
viability and may only indicate a specific set of genes being switched off. In order to try 
to distinguish between VBNC and dead cells we sought to demonstrate genetic
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regulation during the non-culturable state. We were unable to demonstrate gene 
regulation during stress conditions which had previously induced a strong up-regulation 
of the flaA  promoter. This could be because the cells are either dead or because the 
response was so low that it remained undetectable. It could also be that the VBNC 
forms become more resistant to the stress that induced the VBNC state and are only 
capable of responding to favourable conditions.
In conclusion, we have demonstrated that the flaA promoter of C. jejuni is up- 
regulated in response to agitation of the culture media. We also found no evidence of 
shearing or loss of flagella during agitation indicating that this up-regulation of the flaA 
promoter was not in response to shearing of the flagella. We could not detect genetic 
regulation in non-culturable cells.The absence of detectable genetic regulation events in 
non-culturable cells in response to stimuli suggests that they are non-viable.
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Chapter 5.0 Final Conclusions
In the food industry many microbiologists are turning increasingly to rapid methods as 
an alternative to or in combination with conventional methods for the detection of 
organisms in food. This change has been caused by the pressures of today’s competitive 
food industiy where food manufacturers are demanding techniques that are easy to use, 
that are cost-effective, reliable, robust and most importantly can provide results within a 
few hours.
Immuno-magnetic separation in combination with PCR, othei*wise known as MIPA, fits 
all of the above criteria. During this work, MIPA was developed for the detection of C. 
jejuni iC. coli in a range of food and environmental samples. Originally it was applied to 
artificially contaminated milk and chicken skin, where it was found to improve 
sensitivity of detection, reduce the overall detection time and overcome inhibitory 
factors present in the food and enrichment broth. Although the immuno-magnetic 
separation concentrates the bacteria from the sample, it was found here that MIPA 
needs a minimum of 18 hours enrichment for maximum sensitivity of detection. This 
dependency on pre-enrichment to increase the sensitivity of detection limited the use of 
MIPA for the detection of "viable but non-culturable" Campylobacter in the 
environment, where only large numbers could be detected.
The final challenge for MIPA was to deteimine if it could be applied for the detection of 
C jejuni iC. coli in naturally infected samples. MIPA was used to detect C. jejuni in 
cloacal swabs from broiler hens and the sensitivity was comparable with cultural 
methods. Finally MIPA was applied for the detection of C. jejuni /  C. coli in retail 
poultry, where results were available within 24 hours compared to cultural methods.
MIPA is a rapid and sensitive technique with specificity for detecting the thermophilic 
Campylobacters. The advantages that it offers over conventional cultural methods are
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that the final confirmation is available significantly faster and, depending on the PCR 
primers the causative organism can be identified to species level. With further RFLP 
analysis of the PCR product it would be possible to identify specific serotypes. The 
limitations of MIPA are immunological, only 10-15% of the C. jejuni population are 
captured by the polyvalent antibody, but with further improvements such as developing 
antibodies with increased binding capacity, this technique could be applied directly to 
foods with little or no pre-enrichment. As it stands these limitations are minor and 
MIPA is still a vast improvement over conventional methods.
The reduction in sensitivity of MIPA for the detection of VBNC Campylobacter led us 
to postulate whether they were antigenically or genetically distinct fiom the culturable 
forms or are they a degenerate stage before cell death.
During this work we decided to use a molecular approach in an attempt to elucidate the 
question of viability. Gene expression could then be monitored using promoter probe 
vectors during the transition from culturable to the non-culturable state.
Initially we decided to construct a promoter probe vector based on the site-specific
recombinase system of the PI bacteriophage. This recombinase vector, pUS1933 would
then be used to measure promoter activity of C. jejuni during stress conditions.
However the final construct pUS1933 was unstable and due to the constraints of time
we decided to utilise a promoter probe vector already constructed by Purdy and Park
1993. This promoter probe vector pSP73 contains promoterless luxAB genes which
induce light emission as a reporter of gene expression. As a test promoter, the upstream
28region of the flaA  gene which contains a  consensus promoter-like sequences was 
used to drive LuxAB gene expression.
Our results have shown that at least in this model system, regulation of the flaA 
promoter in C. jejuni occurs in response to agitation rather than shaking aerobically and
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anaerobically. Nuijten et a l 1989 showed that reversible flagellin expression in C. jejuni
was regulated at the transcriptional level but whether this was a result of regulatoiy
proteins or DNA rearrangements was not known at that time. Again in 1995, Nuijten et
al. attempted to identify the regulatoiy region of the flaA  gene, sequence data proved
that that the cessation of flaA transcription during phase variation was not caused by
DNA rearrangements or mutations within the flaA . They noted that since the flaA  gene
28is preceded by typical a  promoter sequences it should follow as in B. suhtilis and
28Other organisms, that the a  may play a regulatory role in flagellin expression.
28However they could not detect the gene or a  associated protein. They then used
another approach to identify this regulatory protein and found that the flaA  gene
28promoter was activated in E.coli DH5a only when the a  holoenzyme from B. subtilis
28was also within the cell. This suggests that C. jejuni contains a a  homolog (Nuijten et
al, 1995). Our findings, together with the work of Nuijten et a l (1995), suggest that 
28o in Campylobacter may regulate flaA  expression in response to stress conditions.
Hughes et a l 1993 found that flagellar biosynthesis in S. typhimurium is regulated by a
type III secretory system. When the flagella are intact, the anti-sigma factor FlgM
28inhibits FliA activity, FliA encodes for o required for the transcription of flagellin,
chemotaxis and motility genes. Alternatively, shearing of the flagellar filament results in 
the export of FlgM to the outside of the cell, allowing the synthesis of flagella to 
proceed (Hughes et al, 1993). It is possible that C. jejuni may have a FlgM homologue 
that responds to agitation rather than shearing forces.
Other Campylobacter genes may play a role in the regulation of flagellin expression. 
Miller et al, 1993 have cloned and sequenced fib  A which is a member of the recently 
discovered IcrD/FlbF family of proteins involved in the secretion and regulation of
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vimlence associated proteins. Mutations in this gene result in non-motile
Campylobacters lacldng functional flagella suggesting a important role in flagellar
biosynthesis, but it is not known whether this gene regulates flagellar expression, the
secretion of flagellin or the assembly of flagella. Type III secretion systems have been
shown to regulate the expression of functional flagella in S. typhimurium, it could be
that type III secretion systems are be involved in the regulation and assembly of C.
jejuni flagella. Campylobacter may sense agitation by irregular movement of the
flagellar filament against the hook-basal body complex . During optimal growth
28conditions there may be a FlgM homologue which binds to a  which regulates
transcription of the flaA gene which is essential for motility. The irregular movement of 
the flagellar filament may cause transport of the FlgM homolog to the outside of the cell 
which removes the regulatoiy component, causing increased transcription of the flaA 
gene. This increase in the transcription of flaA  may allow increased motility to move 
away fiom the agitation stimulus.
The flnding that flagellin expression is regulated by environmental stresses is not a new 
one. Aim et al 1993 found that Xh^  flaB  gene of C. coli VC167 whch is controlled by a
typical promoter is regulated by specific environmental conditions. The presence of
duplicated flagellin genes, each with an independent promoter which is regulated by 
different environmental conditions presumably allows the cell to alter its motility in 
response to changing environmental conditions thus conferring a mechanism for survival 
during different stages in the bacterial cells life-cycle (Aim et a l,  1993).
We also concluded from our investigations that no evidence of gene regulation in C. 
jejuni during the non-culturable state could be found, indicating that they were in fact 
dead.
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Future work could involve trying to identify which gene or genes regulate flaA
28expression, it could be o or possibly flbA, the gene identified by Miller et a/., 1993 or
a combination of both. This could be achieved by creating random mutations within the 
flagellin genes and the flbA  gene. C. jejuni could then be exposed to the agitation 
stimuli and flaA gene expression could then be compared to the wild-type for changes 
in up-regulation of the flaA gene.
There are other questions remaining unanswered:
What is the purpose of the up-regulation of the flaA promoter. Does this up-regulation 
cause increased production of flaA  flagellin or does it increase motility?
Does C  jejuni utilise the type III secretion system for “sensing” changes in the 
environment and regulating flagellin gene expression accordingly.
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Chapter 4.0 Materials and Methods
4.1 Bacteria and growth conditions
C. jejuni 480 was used for all subsequent experiments involving transformation of 
plasmid DNA (obtained from A. van Vliet).
C  jejuni cultures transformed with pSP73 and pUS1899 were grown on BHI/1% YE 
agar containing 5 pg/ml tetracycline and for growth studies were grown in BHI/1% YE 
broth containing 5 pg/ml tetracycline in a 37°C water bath.
These optimally grown 48 hour cultures of wild-type C  jejuni and C. jejuni 
transformed with the plasmids pSP73 and pUS1899 were then stressed by shaking 250 
ml durans containing 100 ml BHI/1% YE containing 5 (.ig/ml tetracycline, at 150 revs 
min'  ^ at 25 or 30°C for 4-5 days. For anaerobic shaking, the 250 ml durans with loose 
lids were put into anaerobic gas jars with an anaerobic gas pak (Oxoid) and a catalyst. 
For aerobic shaking the durans were shaken with loose lids. Plate counts were used to 
monitor the generation of VBNC C. jejuni by shaking aerobically but the detection 
limit for Miles and Misra method was 50 cells per ml. The most probable number 
technique was used to quantify cell numbers lower than 50 cells per ml.
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4.2 Extraction of chromosomal C. Jejuni DNÂ
C. jejuni 480 was grown on BHI/1% YE agar containing 1.5% agarose (Boehringer 
Mannheim) instead of bacteriological agar. Growth from 3 plates was removed with a 
sterile swab and resuspended in 0.1 M PBS. The resusupended bacteria were then 
centrifuged at 13,000 revs min'  ^ (MSE Microfuge)for 5 minutes and washed once with 
0.1 M PBS. The bacterial pellet was then resuspended in 0.5 ml of 25 mM Tris-HCl pH 
8,(Boehringer Mannheim) 10 mM EDTA, 50 mM glucose. Fifty microlitres of 10% 
sodium dodecyl sulphate (SDS, AnalaR) was added and mixed thoroughly. 50 p.1 of 
proteinase K (20 mg/ml) was then added and incubated at 55°C for 3 hours. The lysate 
was then phenol extracted by mixing with an equal volume of pH buffered phenol, 
mixed gently and then centrifuged at 13,000 revs min'*^  for 5 minutes. The clear 
supernatant was removed to a clean eppendorf and extracted with equal volumes of 
phenol: chloroform until no white interface was visible. One ml of absolute ethanol was 
added, mixed gently and centrifuged at 13, 000 revs min'  ^ for 5 minutes. The 
supernatant was then removed and the pellet washed in 70% ethanol, the pellet was then 
dried and resusupended in 10 mM Tris-HCl pH8, 1 mM EDTA pH8 (TE) overnight at 
4°C. The concentration of DNA was determined by measuring the O.D at 260 nm using 
a spectrophotometer (Marmur, 1961).
4.3 Construction of pUS1899
The flaA primers were used to generate a 124bp PCR fragment containing the 
upstream regions regions of the flaA  under the same PCR conditions as above. The 
PCR product was then cut with BamHI (Boehringer Mannheim) and ligated (BRL) into 
the phosphatased pSP73 vector also cut with BamHI (see chapter 3 for standard 
ligation conditions). This ligation was then transformed into DH5a E.coli (see chapter 3
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for Transformation protocol) and transformants grown on L-B plates containing 10 
pg/ml of tetracycline.
4.4 Rapid screening of pUS1899 transformants in E.coli using PCR
One flaA primer in the 5’-> V  orientation and one luxAB primer in the 3’-> 5’ I
orientation were used to screen tetracycline resistant colonies from the transformation j
of E.coli DH5a with pSP73 and the BamHI PCR fragment. Each tetracycline resistant |
colony was removed from the plate with a tooth pick and spotted onto the bottom of a |
0.5 ml eppendorf tube. Twenty microlitres of the PCR mixture containing lOx buffer I
(Promega), dNTPs, 2 mM (Pharmacia), MgCb, 4.5 mM (Promega), 0.5 pM of the fla A  j
and ZwxAB primers and 0.5 U of Taq polymerase(Promega) was added and 25 \x\ of 1
mineral oil. Amplification (Biometra thermocycler, Hybaid, UK) consisted of an initial :
dénaturation of 94°C for 30 seconds, a 30 seconds annealing step at 55°C, followed by 
a 2 minute extension step at 72°C. Positive transformants gave a 124 bp product as 
visualised by gel electrophoresis. Plasmid DNA was extracted from the positive 
transformants by alkaline lysis and precipitated by ammonium acetate. The DNA was 
then electroporated into C.jejuni 480.
4.8 Preparation of plasmid DNA for electroporation of C .Jejuni
The plasmid DNA was extracted by alkaline lysis (Birnboim and Doly, (1979), with an 
added ammonium precipitation step at the end. 0.8 volume of 5 M Ammonium acetate 
was added to 50 [A of plasmid DNA
4.8 Preparation of competent C. jejuni cells
C. jejuni was grown on 4 BHI/1% YE agar plates overnight at 37°C under 
microaerophilic conditions. The C. jejuni cells were then removed with a plastic 
spreader, using 1 ml (BHI/1%YE) broth per plate. The resuspended cells were then 
pooled together, avoiding the transfer of agar. The resuspended cells were centrifuged
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for 10 minutes at 6000 revs min  ^ at 4°C using a Beclcman JA-20 rotor. The bacterial 
pellet was resuspended in 2 ml ice-cold wash buffer ( 272 mM sucrose, 15% glycerol), 
and transferred into two 1.5 ml eppendorf tubes. Using a microcentrifuge at 4°C: the 
C. jejuni cells were washed four times with 1 ml of wash buffer (centrifuged for 5 
minutes at lOOOOxg, supernatant decanted, and pellet gently resuspend). Finally 
bacterial pellet was resuspended in 400-800 j.il of wash buffer and frozen at -80°C in 
50-100 pi aliquots.
4.7 Electroporation of C. Jejuni 480
Electroporation cuvettes (0.4 cm interelectrode gap Biorad) were chilled on ice or in 
the fridge. The competent C. jejuni cells were thawed on ice. One microgram of 
ammonium acetate precipitated plasmid DNA was added to a 1.5 ml eppendorf tube and 
cooled on ice for 2 minutes. Fifty microlitres of competent cells were added to the DNA 
sample, mixed and incubated on ice for 2 minutes. The competent cells and the DNA 
were transferred to the ice-cold electroporation cuvette and the sample was 
electroporated at 2.5 kV, 2000, 25pF and a time constant of +/- 4.5 msec. The cuvette 
was flushed twice with lOOpl of BHI/1% YE broth and the C. jejuni cells spread gently 
onto a BHI/YE agar plates with no antibiotics. The C  jejuni plates were incubated 
overnight at 37°C under microaerophilic conditions. The C. jejuni cells were removed 
from the recovery plate using a spreader and 1 ml of BHI/1% YE Broth and spread onto 
BHI/1% YE agar supplemented with antibiotics. Tetracycline was used at a final 
concentration of 5 pg/ml to select for the incorporation of pSP73 and Kanamycin at a 
final concentration of 50 pg/ml to select for the incorporation of the shuttle vector 
pILL550.
The plates were then incubated at 37°C or 42°C under microaerophilic conditions for 
three to five days.
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4.8 Transformation of C. jejuni 480 with pSP73 and pUSI899
1 )_ig of ammonium precipitated pSP73 and pUS1899 was added to 50 pi of competent 
C  jejuni cells (as above).
4.9 Direct microscope counts using the fluorescence microscope. 
Membrane filtration was chosen to allow the number of bacterial cells to be quantified.
4.9.1 Materials
25 mm diameter, 0.2 pM pore sized black polycarbonate membranes(Millipore) were 
used to enhance the contrast of stained bacterial cells. A Leitz Dialux 20 epi- 
fluorescence microscope was used, fitted with an Ploemopak filter block which 
transmitted light at 450-490 nm and cut off at 515 nm.
The flurochrome acridine orange (AO, BDH) was used to visualise bacterial cells 
against the dark background of the polycarbonate membrane. Staining with AO gives 
the total bacterial cell count. The bacterial cells were drawn onto the polycarbonate 
membranes using a vacuum-filtering apparatus devised by S. Boucher (1995).
4.9.2 Filtration procedure
A known volume of cell suspension (e.g. 5-10 pi of 10* cfu/ml) was added to 10 ml of 
carrier fluid such as distilled water, gently vortexed, poured into the syringe and allowed 
to cover the whole membrane surface before a gentle vacuum was applied. Once all of 
the liquid had been drawn through the membrane, the vacuum was turned off and 0.5 ml 
of 0.02% AO solution was pipetted onto the membrane surface. After 2 minutes the AO 
was drawn through the membrane under vacuum. The membrane was removed with 
forceps, allowed to air dry for a few minutes at room temperature and set aside (in the 
dark) for examination as soon as possible. For examination, the membrane was placed
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on a microscope slide and held in place with a drop of non-fluorescing immersion oil 
(Millipore). The microscope slide was observed under oil (xlOO).
4.10 Luciferase assay
A total 4.5 ml of broth was removed from the bacterial culture. One ml of the bacterial 
culture was added to a 1.5 ml eppendorf and centrifuged at 13000 revs min^ at room 
temperature for 5 minutes. The pellet was resuspended gently in fresh BHI/1% YE 
broth and pipetted into a 2 ml cuvette (Lumac). This was done in triplicate. One pi of 
the aldehyde decanal (Sigma) was added and gently mixed by hand (all manipulations 
were done in the fume hood). The relative light output was measured using a 
luminometer (Lumac M-280). It was set as a light box with a 10 second integration 
time. The sample was read immediately because the relative light output decreases 
rapidly over the first few minutes.
4.11 Transmission electron microscopy (TEM) of stressed C. jejuni cells
Ten mis of C. jejuni BHI/1%YE broth cultures were centrifuged at 4 000 revs min'  ^ for 
30 minutes to remove the growth media. The pellet was then resuspended gently in 10 
mis of distilled water. This was repeated twice to remove traces of growth media. Fifty 
microlitres of the bacterial culture was then spotted onto Nescofilm and a formvar 
coated grid placed onto the surface with the shiny side faced downwards towards the 
bacterial drop and left at room temperature for 30 minutes. Five drops of distilled water 
and a drop of 3% gluteraldehyde were spotted onto Nescofilm and the formvar grid 
placed onto the surface of each drop for 1 minute and then finally the formvarl grid was 
placed onto the surface of the 3% gluteraldehyde for 10 minutes which fixed the 
bacterial cells for further use.
The grids were then taken to the Micro structural studies unit where they were then 
metal shadowed. This involved coating the grids with gold and palladium and then 
observing them using the TEM 400T (Phillips) electron microscope.
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L. DOCHERTY, M.R. ADAMS, P. PATEL AND J. McFADDEN. 1996. A rapid and sensitive 
technique, based on the magnetic immuno-polymerase chain reaction assay 
(MIPA), was developed for the detection of Campylobacter jejuni in milk and chicken 
products. Target bacteria are captured from the food sample by magnetic particles coated 
with a specific antibody and the bound bacteria then lysed and subjected to PCR. The 
MIPA could detect 420 cfu g“ ’ of chicken after 18 h, 42 cfu g“  ^after 24 h, and 
4 2 cfu g“ ‘ after 36 h enrichment. For artificially contaminated milk 63 cfu ml~* could 
be detected after 18 and 24 h and 6 3 cfu ml"' after 36 h enrichment.
INTRODUCTION
Campylobacter jejuni is thfe most commonly reported cause of 
gastroenteritis worldwide (Penner et a i  1988). It is commonly 
found as a commensal in a wide range of wild and domestic 
animals and birds (Blaser et al. 1983) and epidemiological 
investigations have implicated poultry (Harris et al. 1986), 
unpasteurized milk (Robinson and Jones 1981) and untreated 
water (Pearson et al. 1993) in human disease transmission.
Detection of Campylobacter spp. in foods takes 4—5 d and 
involves selective cultural enrichment followed by isolation 
from selective agar (Skirrow 1977; Humphrey 1986) and 
finally identification by a range of biochemical and serological 
tests. These limitations emphasize the need for a rapid, 
reliable and sensitive technique for the detection of Cam­
pylobacter in foods.
The polymerase chain reaction (PCR) has been used for 
the detection and typing of Campylobacters (Birkenhead et al. 
1993) but its use in the food industry has been limited by the 
inhibition of Taq polymerase by components from food or 
enrichment media.
The magnetic immuno-polymerase chain reaction assay 
(MIPA) overcomes the problems of inhibitors and can be used 
to detect a wide range of bacteria in food and environmental 
samples (Widjojoatmodjo et al. 1991 ; Islam and Lindberg et 
al. 1992; Fluit et al 1993 ; Kapperud et al. 1993). MIPA is 
based on a combination o f immunomagnetic separation (IMS) 
and PCR in which target bacteria are removed from the food
Corrcspomtence to : M s Lorraine Docherty, School o f  Biological 
Sciences, University o f  Surrey, Guildford, Surrey G U 2 5XH , U K  
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source by magnetic particles coated with a specific antibody, 
the bound bacteria are then lysed and subjected to PCR.
It has been used here for the detection of Camp, jejuni in 
food and environmental samples.
MATERIALS AND METHODS 
Bacterial strains
Campylobacter jejuni 81116, Camp, jejuni NCTC 12189, 
Camp, jejuni G1 (Chase Farm Hospital, Enfield), Camp, jejuni 
University of Surrey culture collection 2766, Camp, jejuni 
TH35 and T4N S +(Humphrey, Exeter PHLS), Camp coli, 
NCTC 11366, Camp, upsaliensis NCTC 12206, Camp, 
venerealis NCTC 10354 and Camp, laridis NCTC 11352 were 
the bacterial strains used. The other bacteria came from the 
culture collection of Leatherhead Food Research Association : 
Citrobacter freundii (GO 13), Enterobacter cloacae (G003), 
Enterococcus faecalis (YOOl), Escherichia coli (R74), Salmonella 
enteritidis (R61), Salm. Stanley (R023) and Salm. typhimurium 
(R72).
Culture media and growth conditions
The Campylobacter strains were grown on 10% lysed horse 
blood plates (Oxoid and TCS Biologicals) in a 42° C incubator 
under microaerophilic conditions (5% oxygen, 10% carbon 
dioxide and 85% nitrogen) and in Brain Heart Infusion Broth 
with 1% yeast extract (BHI/1%YE) (Oxoid) in a 37°C water 
bath. The enrichment broth was Exeter enrichment medium
©  1996 The Society for Applied Bacteriology
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(Humphrey 1986). Inoculated broths were incubated at 37°C 
for 3-4 h and then at 42°C for 24—48 h.
Other bacteria were maintained on TSA slopes, grown at 
37°C and stored at 4°C. These slopes were subcultured into 
buffered peptone water (BPW) at 37°C for 24 h. For plate 
counts they were diluted in maximum recovery diluent 
(MRD) and plated on to Tryptone Soya agar (TSA) plates 
at 37°C for 24 h.
Contaminated food samples
Milk. UFIT semi-skimmed milk was aliquoted aseptically into 
0 9 ml amounts and 0 1  ml of a 24 h culture of Camp, jejuni 
81116 was added and serially diluted 1:10 in the milk. The 
final concentration of bacteria in the milk was 1000 cfu ml"' 
to OT cfu ml"'. One millilitre of the artificially contaminated 
milk was added to 9 ml Exeter enrichment medium.
Chicken. Ten grams of skin was removed from frozen chicken 
that had been previously sterilized with y irradiation at a dose 
of 50 kilograys (Isotron pic, Reading). Ninety millilitres of 
growth medium (BHI/1%YE) were added and the mixture 
homogenized in a stomacher for 3 min. The suspension was 
allowed to settle for 15 min before aliquoting aseptically in 
0 9 ml volumes. These were used to prepare a decimal 
dilution series of Campylobacter cells which were used to 
inoculate Exeter enrichment broth as above. The final con­
centration of bacteria in the chicken extracts ranged from 
1000 cfu ml"' to 0 1 cfu ml"'.
Direct immobilization of antibodies to magnetic 
particles
Preparation of immunomagnetic particles and subsequent 
separation techniques were carried out in 15 ml screw top 
Eppendorf tubes (Sarstedt, UK), pre-treated with phosphate- 
buffered saline (PBS) pH 7 4  containing 5% Bovine Serum 
Albumin (BSA). Biomag magnetic particles coated with pro­
tein G were used at a concentration of either 5 mg ml"' 
containing 5 x  10® particles mg"' ml"' or 1 mg ml"' con­
taining 1 X 10® particles mg"' ml"' (Metachem Diagnostics, 
Northampton, UK). Biomag magnetic particles coated with 
a monoclonal antibody were used at the same concentration. 
The Dynal M-450 rat anti-mouse IgG3 magnetic particles 
were used at a concentration of 5 x 10’ particles ml"'. They 
were all washed four times with PBS containing 0 5% Tween 
to remove sodium azide. The washed particles were retrieved 
using a magnetic particle concentrator (Dynal U K  Ltd) after 
5 min standing at room temperature. The polyvalent antibody 
used with the Biomag Protein G magnetic particles was 
directed against the cell surface antigens and reacted with all 
species of Campylobacter tested (supplied by Kirkegaard and
Perry Labs. Inc, Md, USA, at a concentration of 1 mg ml"'). 
The monoclonal antibody used in conjunction with the 
Biomag goat anti-mouse and the Dynal rat anti-mouse M - 
450 magnetic particles was directed against a cell wall com­
ponent and reacted with all Campylobacter species tested 
(supplied by Bradsure Biologicals Ltd, Leicester, UK, at a 
concentration of 0 1 mg ml"'). The polyvalent antibody was 
diluted 1:100 and the monoclonal antibody 1 ; 10 in PBS 
with 0 5% BSA. The tubes were incubated at 4°C for 3 h 
with gentle rotation on a spira-mix (Denley, UK). Finally 
the particles were washed twice for 5 min each time with PBS 
containing 0 5% Tween to remove any unbound antibody.
Immunomagnetic separation
Twenty microlitres of Biomag magnetic particles were added 
to 1 ml cultures of Camp, jejuni 81116 or to 1 ml of the 
enrichment broths containing the milk and chicken samples 
and incubated at ambient temperature 1 h with gentle rotation 
on a milti-mixer. The bound bacterial cells were recovered 
using the magnetic particle concentrator and the particles 
consecutively washed once with PBS containing 0 5% 
Tween, once with reverse osmosis (RO) purified water and 
finally resuspended in 50 f,i\ of RO containing 1% Triton X - 
100 (Masters et al. 1994).
Lysis optimization
An overnight culture of Camp, jejuni 81116 was centrifuged 
at 13 000 rev min"' to remove the supernatant fluid con­
taining the growth media and resuspended in RO water and 
diluted from 10® cfu ml"* to 10® cfu ml"'. To these series of 
dilutions different lysing agents were added (Table 1).
T ab le  1 Protocols for preparation of different lysing agents
Lysing agent Procedure
Boiling
Proteinase K
Triton X-100
Proteinase K  and 
Triton X-100
Heated to 100°C in a water bath and 
centrifuged at 13 000 rev min"' for 5 min 
Added to give a final concentration of 1%, 
incubated at 55°C for 1 h and boiled for 15 
min to inactivate enzyme. Spin at 13 000 rev 
min"' for 5 min
Added to give a final concentration of 1%, 
incubated at 40°C for 20 min and added 
straight into the PCR reaction 
Incubate at 40°C for 20 min and boil for 15
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Magnetic immuno-polymerase chain reaction assay 
(MIPA)
The resuspencled particles were vortexed vigorously, cen­
trifuged in a microfuge for 1 min at 13 000 rev min"' and the 
pellet resuspended in RO water with 1% Triton X-100 gently 
by vortexing. The particles were then incubated at 40°C for 
20 min to lyse the bacterial cells, vortexed again and cen­
trifuged for 2 min at 13 000 rev min"' to pellet the magnetic 
particle and recover the supernatant fluid containing the 
DNA for the PCR.
The PCR reaction was carried out as described by 
Van Camp et al. (1993). The primers were derived from 
the variable regions of 16S rRNA sequences. 6-1 
5'-GTCGAACGATGAAGCTTCTA-3' and 18-1 5'- 
TTCCTTAGGTACCGTCAGAA-3' (Van Camp et al. 
1993) were located between positions 62-81 bp and 471-452 
bp respectively (Olsen et al. 1991). Amplification (Biometra 
thermocycler, Hybaid, UK) consisted of an initial dénatur­
ation of 94°C for 2 min and 35 cycles of 94°C for 1 min, 65°C 
for 1 min and 75°C for 0 5 min.
RESULTS AND DISCUSSION
The specificity of the PCR was confirmed using DNA from 
five strains of Camp, jejuni (81116 T4NS +  ,TH35, G1 and 
2766), Camp, coli. Camp, lari, Camp, venerealis and Camp, 
upsaliensis and five non-campylobacters Camp, freundii, Ent. 
cloacae, E. coli, Ent. faecalis and Salm. typhimurium. PCR 
products of the expected size of 410 bp were obtained for 
Camp, jejuni. Camp, coli and Camp, lari but Camp, upsaliensis 
and Camp, venerealis were negative. All non-campylobacter 
strains were negative. The sensitivity of the direct PCR for 
detection of Campylobacter D NA was 135 fg of DNA, equi­
valent to approximately 20 bacterial genomes. The detection 
limit of direct PCR of Camp, jejuni cells serially diluted in 
milk was 6 3 x 10® cfu ml"'. Direct PCR was completely 
inhibited in chicken homogenate and it was necessary to dilute 
samples 100-fold before a PCR product could be detected.
The MIPA was developed for the detection o ï Camp, jejuni 
in milk and chicken products to improve sensitivity, to reduce 
the overall detection time and to overcome the inhibitory 
factors present in foods and enrichment broths. Goat poly­
clonal and a mouse monoclonal antibodies, both reactive 
against the Campylobacter cell surface, and attached to the 
magnetic particles were compared as capture antibodies. Cap­
ture of Campylobacter cells was estimated by plating sus­
pensions of cells before and after treatment with 
immunomagnetic particles. In each case 10-15% of Cam­
pylobacter cells were estimated to have bound to the particles. 
Because of their better stability during storage, goat poly­
clonal antibodies were used in subsequent experiments. Sen­
sitive detection of Campylobacter by MIPA requires efficient
lysis of cells and release of DN A  from the immunomagnetic 
particles. Four different lysis protocols were compared (Table 
1) and the optimum recovery of DNA was estimated by PCR 
end-point dilution. Treatment with 1% Triton X-100 was 
found to give the maximum sensitivity of detection. Varying 
sample volumes of 0 5-5 ml and a magnetic particle con­
centration of 10®-10® ml"' indicated that optimization was 
obtained from a sample volume size of 1 ml containing 10® 
magnetic particles. This sensitivity was unaffected by the 
presence of E. coli (6 x  10® cfu ml"', data not shown).
MIPA was used for the detection of Camp, jejuni in milk 
and chicken homogenate. The maximum sensitivity of detec­
tion was 6 3 X 10® cfu ml"' for milk and 6 3 x  10® cfu g"' for 
chicken. Although this was an improvement over direct PCR, 
a greater sensitivity is required for practical application. An 
advantage of MIPA is that it facilitates a culture enrichment 
step which amplifies the signal from culturable cells. To 
determine the optimum culture enrichment time for 
maximum sensitivity of detection of Camp, jejuni in milk and 
chicken, 1 ml samples of enrichment broth were removed at 
18, 24 and 36 h and subjected to MIPA. The results shown 
in Table 2 and Figs 1 and 2 show the limits of detection 
after various enrichment times. The maximum sensitivity 
was achieved after 36 h enrichment (4 2 cfu g"' of chicken 
and 6 3 cfu ml"' of milk). However, the sensitivities obtained 
after 18 h enrichment (420 cfu g"' of chicken and 63 cfu 
ml"' for milk) may be sufficient for most purposes since the 
level of contamination in poultry has been estimated to be 
from 10® to W  organisms g"' (Jay 1986). Using 18 h enrich­
ment, the time taken to complete the test was 24 h. The 
procedure showed good reproducibility; triplicate experi­
ments using slightly different inoculum levels gave limits of 
detection for chicken and milk after 24 h enrichment as 42, 
52 and 55 cfu g"' and 63, 62 and 51 cfu ml"' respectively.
Wegmuller et al. (1992) and Giesendorf et al. (1992) used 
direct PCR to detect Campylobacter species directly in chicken 
and dairy products. For the detection of Campylobacter in 
chicken products, Giesendorf used a short enrichment of 18 
h followed by D NA extraction by guanidinium thiocyanate 
and detection of PCR product by Southern blotting and D N A
T able 2 Sensitivity of detection of Campylobacter jejuni in milk 
and chicken using different periods of culture enrichment
Pre-enrichment (h) Sensitivity o f MIPA
Chicken 18 420 cfu g“ '
24 42 cfu g"'
36 4-2 cfu g " ‘
Milk 18 63 cfu ml"'
24 63 cfu ml"'
36 6 3 cfu ml"'
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Fig. 1 Agarose gel electrophoresis of the PCR products for the 
magnetic immuno-polymerase chain reaction assay (MIPA) 
of artificially contaminated milk. Lane 1 contains (DX174RF 
marker; lanes 2-5 contain MIPA results after 18 h enrichment. 
Each broth contains an original inoculum of 6300 cfu m l"', 630 
cfu ml"', 63 cfu ml"' and 6 3 cfu ml"'. Lanes 6-9  contain 
MIPA results after 24 h enrichment with an original inoculum 
of 6300 cfu ml"', 630 cfu ml"', 63 cfu m l"' and 6 3 cfu ml"' and 
lanes 10-13 contain MIPA results after 36 h enrichment with an 
original inoculum of 6300 cfu ml"', 630 cfu ml"', 63 cfu ml"' and 
6 3 cfu ml"'. Lane 14 contains the MIPA negative control
1 2 3 4 5 6  7 8  9 10 11 12 13 14
Fig. 2 Agarose gel electrophoresis of the PCR products for the 
magnetic immuno-polymerase chain reaction assay (MIPA) 
of artificially contaminated chicken samples. Lane 1 contains 
<I>X174RF marker. Lanes 2-5 contain MIPA results after 18 h 
enrichment with an original inoculum of 4 2 x HP cfu g"',
4 2 X  10’ cfu g"', 4 2 X  10® cfu g"' and 42 cfu g" '. Lanes 6 -  
9 contain MIPA results after 24 h enrichment with an original 
inoculum of 4 2 x HP cfu g"', 4 2 x 10’ cfu g"', 4 2 x 10® cfu 
g"' and 42 cfu g"' and Lanes 10-13 contain MIPA results after 
36 h enrichment with an original inoculum of 4 2 x 10’ cfu g"', 420 
cfu g"', 42 cfu g "' and 4 2 cfu g"'. Lane 14 contains the MIPA 
negative control
hybridization to achieve a detection limit of 25 cfu g"' after 
48 h. MIPA coupled with enrichment achieves a comparable 
sensitivity within 30 h. It has the additional advantage of
eliminating the manipulations required for DNA extraction 
and therefore reduces the risk of PCR contamination. Weg­
muller, using a semi-nested primer direct PCR for the detec­
tion of Camp, jejuni and Camp, coli in raw milk and dairy 
products, achieved a detection limit of 10 bacteria 10 ml"' or 
g"' of product within 5 h. However, nested PCR runs the 
risk of false positives caused by PCR product contamination 
and because it is a direct detection method, will detect non- 
viable Campylobacters.
The results indicate the MIPA offers a robust alternative 
to conventional culture methods for detection of Cam­
pylobacters in a range of foods.
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